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Summary
Due to socio-economic developments and population growth, the surface water
quality has been worsened in China. Models are useful tools to better understand
the trends in water pollution, its causes and explore solutions. However, the water
quality issues of Chinese rivers are not just related with one individual group of
pollutants. Different pollutants in rivers from common sources might generate
combined impacts on water quality, which is not accounted for in the existing
individual pollutant models. Thus, a multi-pollutant assessment is needed to better
understand multiple pollutant problems and explore solutions for simultaneous
pollutant reduction.
The objective of this thesis is to quantify the recent river export of multiple
pollutants by source to the Chinese seas. To reach the main research objective, the
following research questions are formulated:
RQ1:
What water pollution problems exist in China according to literature?
RQ2:
How to quantify the river export of multiple pollutants by source to Chinese
seas?
RQ3:
What is the current river export of multiple pollutants by source to the
Chinese seas?
To answer these research questions, following methods are used. For RQ1 (Chapter
2), a literature review on pollution levels, their distributions and sources are
conducted. A comparison of Chinese pollution levels with the pollution levels of
European Union and North America is made. For RQ2 (Chapter 3), a literature review
on existing models for individual pollutants is conducted. This includes the spatial
and temporal level of details and equations. The way of integrating existing individual
pollutant models into a multi-pollutant model is provided. I took the sub-basin
modelling approach of the MARINA 1.0 model (Model to Assess River Inputs of
pollutants to seAs) as the basis. In my integration, I suggested how to adjust the
existing modelling approaches of individual pollutant models into a sub-basin scale,
multi-pollutant model. For RQ3 (Chapter 4), I quantified retentions of pollutants and
their river exports to the Chinese sea and presented results in maps. I used inputs
and outputs of the existing models for individual pollutants and adjusted them to the
sub-basin scale. I compared modelled river export of pollutants with other studies
and observations. In RQ1, I looked at a broader range of the pollutants. In RQ2 and
RQ3, I selected the following pollutants for my sub-basin analysis: nutrients (nitrogen,
phosphorus), triclosan (a chemical), microplastics and Cryptosporidium. My selection
is based on the availability of the modelling approaches for these pollutants. In total,
26 sub-basins are delineated according to the MARINA 1.0 model. They discharge to
major Chinese seas. I used these 26 sub-basins in my analysis.
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Below are five main findings of this thesis:
Finding 1 (RQ1, Chapter 2): Many water systems experience multi-pollutant
problems in China. Literature review shows that Chinese water systems such as rivers,
lakes and reservoirs often contaminated by more than one pollutant. These
multi-pollutant problems are resulted from nutrients, pathogens, plastic, heavy
metals, pesticides, pharmaceuticals and personal care products (PPCPs). Four
representative pollutants are taken into account in this thesis: nitrogen (N) and
phosphorous (P) for nutrients, Cryptosporidium for pathogens, microplastics (MP) for
plastic and triclosan (TCS) for PPCPs. Existing monitoring data and modelling studies
indicate the increasing pollution levels of these pollutants in various Chinese water
systems (e.g., lakes, reservoirs, rivers, seas) since 1970 to 2010. For example,
concentrations of N and P in the Yangtze River exceed largely the water quality
standard of Class III (not suitable for drinking). The pollution levels of MP, TCS and
Cryptosporidium are detected to be high in those water systems close to cities and
agricultural areas.
Finding 2 (RQ2, Chapter 3): The sub-basin scale is the basis for integrating the
existing modelling approaches of individual pollutants into a multi-pollutant model.
Existing modelling approaches of the individual pollutants have similarities and
differences in terms of the spatial and temporal level of details. The approaches are
adjusted to the sub-basin scale for a multi-pollutant model to quantify annual river
export of N, P, TCS and MP by source to Chinese seas. More research is needed to
adjust the approach to quantify river export of Cryptosporidium. The model results
were compared to the existing knowledge in Chapter 4 and discussed in Chapter 5.
The comparison gives promising results and thus confidence in a multi-pollutant
assessment for China as a first attempt.
Finding 3 (RQ3, Chapter 4): Diffuse and point sources contribute multiple pollutants
to the Chinese rivers. Studied pollutants are N, P, TCS and MP. N and P are analyzed
for different forms: dissolved inorganic N (DIN) and P (DIP), and dissolved organic N
(DON) and P (DOP). Point sources are, for example, sewage systems. They contribute
all studied pollutants to the rivers. Diffuse sources are, for example, fragmented MP
in water and runoff from fertilized fields with animal manure and synthetic fertilizers.
They contribute MP, DIN, DIP, DON and DOP to the rivers.
Finding 4 (RQ3, Chapter 4): Retentions of pollutants in rivers differ among sub-basins,
but depends on pollutants. Here, in-river processes, river damming and water
removal are accounted for. Retentions of the pollutants due to in-river processes (e.g.,
sedimentation) show slight differences among sub-basins. Retentions due to river
damming differ among DIN, DIP and TCS. Retentions of TCS are generally lower
compared to retentions of DIN and DIP in reservoirs. Removal of DIN, DIP, TCS and
MP from rivers due to consumptive water use is generic for all pollutants but differs
among sub-basins. The removal fractions in the north are generally higher than in the
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southern China.
Finding 5 (RQ3, Chapter 4): River export of pollutants differs among sub-basins. This
holds for all studied pollutants. The middle- and downstream sub-basins generally
export more pollutants to river mouths than downstream sub-basins. For example,
middlestream sub-basins are responsible for 28 - 42% of the total river export of N
and P to the seas in China. These percentages are 39 - 59% for the downstream
sub-basins. This is the net effect of pollutant inputs to the rivers, retentions in rivers
and travel distances towards the river mouth. For example, rivers of the downstream
sub-basins generally export more pollutants because they directly discharge into the
sea. Another reason for higher river export from middle- and downstream is more
intensified human activities, causing more pollutants in the rivers.
This thesis contributes to science and society. For science, this thesis presents a
consistent approach to integrate existing modelling approaches of individual
pollutants into multi-pollutant model with inconsistent spatial and temporal level of
detail. For society, this thesis shows the importance of a multi-pollutant assessment.
It helps to identify multi-pollutant hotspots in China, better understand the causes
and explore solutions for reducing multiple pollutants in the Chinese water systems
in the future.
Besides findings and strengths discussed above, the thesis has several limitations as
well. For example, not all sources and pollutants are considered. Seasonality in flows
and interactions between pollutants might be considerable, but not accounted in my
study. These limitations could be further explored in future research.
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Chapter 1 Introduction
1.1 Sources and impacts of water pollution in China
Due to the Chinese socio-economic developments and population growth, the
surface water quality has been worsened (Qu and Fan, 2010). This is because of
increasing amounts and expanded sources of different pollutants over recent
decades. Examples of pollutants are heavy metals, nutrients, plastics, and pathogens
(Qu and Fan, 2010). The agricultural, industrial and domestic sectors are the main
sources of these mentioned pollutants. The pollutants often enter rivers from diffuse
and point sources. Diffuse sources are, for example, runoff from agricultural fields
that contributes nutrients and pathogens to rivers (Strokal et al., 2016, Liu et al.,
2019). Point sources are, for example, discharges of sewage effluents (Strokal et al.,
2019), direct discharges of animal manure (Strokal et al., 2017) and open defecation
(Hofstra and Vermeulen, 2016; Strokal et al., 2019).
Chinese rivers have been suffering from serious water pollution problems (Qu and
Fan, 2010). For example, according to the Chinese Annually Environmental State
Bulletin (2018), around one-third of China’s lakes and reservoirs experience
eutrophication problems today. As a result, algae blooms frequently happen. The
nutrient levels of Tai lake, Dianchi lake and Chao lake, three of Chinese main inland
lakes, have exceeded water quality targets for more than 30 years (Liu and Qiu,
2007). Furthermore, pharmaceuticals and personal care products (PPCPs) have been
increasingly used in recent decades. Series of emerging contaminates, such as
triclosan (TCS), Triclocarban (TCC) and microplastics, have been widely detected in
Chinese rivers (Bu et al., 2013; Zhang et al., 2018). The resistance to degradation of
MPs, TCC and TCS furthers the bio-accumulation of these pollutants in fish and algae
and can even reach the level of ecological toxicity (Lu et al., 2013; Xin et al., 2018;
Yao et al., 2019). Pollutants are further transported by inland water networks into
Chinese costal seas. As a result, the quality of coastal waters can also be affected by
pollutants (Xin et al., 2018; Feng et al., 2019).

1.2 Future trends in river export of multiple pollutants
Various studies predict that the water pollution in China may be more serious in the
future because of the ongoing socio-economic developments. For example, Yang et
al. (2019) predicts that the export of: total dissolved nitrogen (TDN) and
phosphorous (TDP) to the Guanting reservoir and Baiyangdian lake will almost
double in 2050 compared to 2012. According to Wang et al. (2018), the nutrient
export to rivers in China is projected to increase by 36% for nitrogen (N) and 52% for
phosphorous (P) in 2050 compared to 2013. However, these studies are limited to
1

scenario analysis for individual type of pollutants but do not account for multiple
pollutants simultaneously.
Various studies have been conducted to explore solutions to reduce water pollution
in Chinese rivers. For example, many studies exist for nutrient management in China
(Bai et al., 2015; Qu and Kroeze, 2012; Strokal et al., 2017). Liu et al., (2019) apply
two mitigation scenarios to explore possible approaches to reducing
Cryptosporidium loads. However, these studies are limited to individual pollutant
management and cannot provide solutions for a simultaneous reduction of multiple
pollutants in Chinese rivers. To my knowledge, multi-pollutant models for the large
Chinese rivers do not exist. The individual pollutant models exist (see below), but
they are not able to support the scenario analysis for multiple pollutants and
solutions to their simultaneous reduction.

1.3 Modelling multiple pollutants in rivers
Models are useful tools to better understand the trends in water pollution, its causes
and explore solutions. This is because models account for biophysical processes of
pollutant transportation and socio-economical drivers.
Various models exist for quantifying individual pollutants in water systems (Strokal et
al., 2019). Examples of these models are: the GloWPa (Global Waterborne Pathogen)
model for Cryptosporidium (Hofstra et al., 2013), MARINA 1.0 model (Model to
Assess River Inputs of Nutrients to seAs) for nutrients (Strokal et al. ,2016),
IMAGE-GNM (Integrated Model to Assess the Global Environmental - Global Nutrient
Model) for nutrients (Beusen et al., 2015), GLOBAL-FATE (a GIS-based model for
assessing contaminants fate in the global river networks) for pharmaceuticals (Font
et al., 2019) and VIC-RBM (Variable infiltration Capacity - River Basin Model) for
water temperature (Van Vliet et al., 2013).
However, the water quality issues of Chinese rivers are not just related with one
individual group of pollutants. Different pollutants in rivers have common sources
and multiple effects (Kroeze et al., 2016), which is not accounted for in these existing
models for individual pollutants. For example, agricultural activities are the common
diffuse source for nutrients and pathogens. Too much nutrients can cause blooms of
harmful algae. Too much pathogens can cause diseases in children. Both microplastic
and triclosan can be toxic for phytoplankton (Zhu et al., 2019). Therefore, individual
pollutant models are not enough for a better understand on the effects of multiple
pollutants in rivers and to completely assess water quality (Kroeze et al., 2016;
Strokal et al., 2019).
Thus, a multi-pollutant model is needed to better assess trends in the river export of
multiple pollutants to Chinese seas and explore solutions to simultaneous pollutant
reduction. Various individual pollutant models (see above) have been developed.
These models differ in scales and modelling approaches. For instance, the MARINA
1.0 model for nutrients is based on the sub-basin scale modelling approach (Strokal
2

et al., 2016). The GloWPa – Crypto C1 model quantifies monthly Cryptosporidium
concentrations in surface water at 0.5 * 0.5 degree grid (Vermeulen et al., 2019). The
Global TCS model quantifies annual triclosan (TCS) export by rivers at the basin scale
and the Global Microplastic model calculates river export of microplastics (MP) at
the basin scale (Siegfried et al., 2017; van Wijnen et al., 2019). The modelling
approaches of Global TCS and Global Microplastic model are both similar to Global
NEWS-2 (Global Nutrient Export from WaterSheds) (Mayorga et al., 2010; Siegfried
et al., 2017; van Wijnen et al., 2019). The first integration of the modelling
approaches for multiple pollutants in rivers at the sub-basin scale has been done by
Strokal et al., (2019) for point sources. There is a need to extend the model to diffuse
sources of pollutants in rivers and their retentions.

1.4 Research objective and research questions
The research objective of this thesis is to quantify the recent river export of multiple
pollutants by source to the Chinese seas. To reach the main research objective, the
following research questions are answered in this thesis:
RQ1:
What water pollution problems exist in China according to literature?
RQ2:
How to quantify the river export of multiple pollutants by source to Chinese
seas?
RQ3:
What is the current river export of multiple pollutants by source to the
Chinese seas?
These three research questions are respectively explored in Chapter 2, Chapter 3 and
Chapter 4.
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Chapter 2: Water pollution in China
2.1 Introduction
Chapter 2 answers the research question 1 (RQ1):
What water pollution problems exist in China according to literature?
Chapter 2 provides a review on the major river pollution problems in China. The
review includes pollution types, impacts and sources in Chinese rivers. The identified
sources of pollutants will be used as the part of model inputs in Chapter 3.
Section 2.2 describes the methods used to address RQ1. Section 2.3 identifies major
river pollution problems existing in China. An overview of river pollution problems in
China is provided in section 2.3.1. The overview includes representative pollutants,
general impacts, pollution distribution and pollution levels. Besides, Section 2.3.2
analyses pollution sources in China. Section 2.3.3 compares the pollution levels in
Chinese rivers with other global regions. Section 2.4 is the conclusions summarizing
the main points of Chapter 2.

2.2 Methodology
2.2.1

Literature review

This chapter is mainly written based on literature review. The search engine is Google
Scholar and Scopus. The key words used for literature search are such as recent
water problems in China and major water pollutants in China. All of the data and
information sources are extracted from literature and models.

2.2.2

Definitions of the groups of pollutants

Nutrients are defined here as the compounds required by organisms for food and
energy supply. The examples of nutrients are nitrogen (N) and phosphorous (P).
Pathogens are defined as the organisms that could cause diseases to their hosts. In
this thesis, the attention is on zoonotic parasites. One example is Cryptosporidium.
Plastic is defined here as the synthetic solid materials with elasticity. One example is
small particles called as microplastics (MP). Pharmaceuticals and personal care
products (PPCPs) here are classified into one category. PPCPs here are defined as the
chemicals used for human’s health care, sanitary and cosmetic products or used to
support livestock growth and health. One example is triclosan (TCS) used as
antibacterial agents for cleaning hands.

2.3

Water pollution problems in China and their causes

2.3.1 Main river pollution problems
Due to the rapid socio-economic developments and population growth, Chinese
4

rivers have been suffering from serious water pollution problems (Table 2.1). This is
because increasing amounts of different pollutants have entered rivers over decades
(Qu and Fan, 2010). The major pollutants resulting in serious river pollution problems
are, for examples, nitrogen, phosphorous, microplastics, zoonotic parasites, heavy
metals, pesticides and antibacterial agents (Qu and Fan, 2010; Liu and Wong, 2013;
Cheng, 2003; Li et al., 2014). Moreover, the water quality of Chinese coastal seas is
also deteriorated due to further transportation of these pollutants by rivers. In this
thesis, I focus on the pollution problems caused by N, P, microplastics, zoonotic
parasites and antibacterial agents. These pollutants are variable in their names,
sources, chemical formulas, transportation processes and impacts. I classify
pollutants into four main groups as defined in section 2.2.2: nutrients, pathogens,
plastic and PPCPs. Below, I describe water pollution in relation to these four groups. I
start my description by indicating whether pollutants are monitored according to the
Chinese regulation. Then, I reflect on the monitoring and modeling results by taking a
few rivers as examples. I finish with reflecting on impacts.

2.3.1.1 Nutrients
The representative pollutants of nutrients are N and P. The Chinese government
monitors NH2-N, total N (TN) and total P (TP). Other types of nutrients, such as
dissolved organic nitrogen (DON), nitrogen dioxide (NO2) and nitrate (NO3) as
dissolved inorganic nitrogen (DIN), particulate nitrogen (PN), dissolved inorganic
phosphors (DIP) and so on, are not separately monitored in China.
The monitoring data shows that several rivers, lakes, reservoirs and coastal seas in
China become more enriched with nutrients. According to the bulletin of the China
Environmental Quality (CEQ, 2018), 31 out of 107 of the assessed lakes and
reservoirs (29%) currently suffer from eutrophication problems. The water area with
excessive nutrients accounts for 61% of the total water area of the assessed lakes
and reservoirs (CEQ, 2018).
The Yangtze River (Changjiang in Chinese) is taken as an example to show the
quantitative pollution levels of nutrients based on monitoring data. During the
period of 2008 - 2013, the range of TN concentrations along the Yangtze River were
reported at about 1.4 - 2.4 mg/L. For TP, concentrations ranged from 0.07 - 0.24
mg/L (Gao et al., 2016). These reported concentrations exceeded Class III of the
water quality (suitable for irrigation, but not for drinking). Class III suggests the
following: 0.5 - 1.0 mg/L for TN and 0.1 - 0.2 mg/L for TP (GB 3838-2002).
Therefore, the water in the Yangtze River is not suitable for drinking water supply and
needs to be treated before consumption.
Several models exist to quantify river export of nutrients in Chinese lakes and seas.
The results show the increasing pollution levels of nutrients in different water
systems in the past and future. For example, according to Li et al. (2012), the river
export of N and P to Dianchi lake was quantified at about 6209 ton for total dissolved
5

N (TDN) and 413 ton for total dissolved P (TDP) in 2012. Yang et al. (2019) predicts
that the river export of TDN and TDP to Guanting reservoir and Baiyangdian lake will
double in 2050 compared to 2012 using the MARINA model.
As a result of excessive nutrients in water, the depletion of dissolved oxygen, algae
blooms and even the die-off of fishes frequently happen in Chinese river systems.
Besides, the outbreak of algae emits musty odor, releases toxic substances and even
causes the shortage of local water supply (Davis et al., 2003; Qu and Fan, 2010).

2.3.1.2 Pathogens
The representative pollutant of pathogens is Cryptosporidium. The Chinese
government monitors Escherichia coli (E. coli) as the fecal indicator, but not
Cryptosporidium. Due to the costly assessment and monitoring, the concentration of
Cryptosporidium is not regarded as a regular assay parameter for water quality (Feng
et al., 2011). However, the monitoring data of E. coli could be regarded as an
underestimated risk of Cryptosporidium based on the E.coli/Cryptosporidium ratio.
This is because several studies could prove the positive correlation between
Cryptosporidium and fecal indicators such as E. coli, when the monitored water are
basically influenced by sewage rather than agricultural runoff (Lalancette et al.,
2014).
The monitoring data shows that the concentration of E.coli is generally higher in the
surface water systems close to cities and agricultural areas in the southern-east
China. Here the average concentration of E.coli in the Yangtze River is taken as an
example to show the quantitative pollution levels. Between 2008 and 2013, the
concentrations vary in different seasons ranging from 2496 CFU/L in winter to 91,784
CFU/L in summer (Gao et al., 2016). The water quality standard of GB Class III for
E.coli is 2000 - 10000 CFU/L (GB3838-2002). Therefore, the Yangtze River has been
highly polluted by E.coli as the monitoring concentrations exceed this class.
Furthermore, the minimum monitored concentration of E.coli in summer does not
meet the Class III level for the drinking water supply. According to the
E.coli/Cryptosporidium ratio in Lalancette et al. (2014), the risk caused by
Cryptosporidium could be regarded as high level based on a conservative estimation.
Several modelling studies, such as the work of Liu et al. (2018) based on SWAT model,
exist to quantify the concentration of Cryptosporidium in Chinese water systems. For
example, the concentration of Cryptosporidium in water systems of Daning River was
quantified to range from 0.7 to 33.4 oocysts/10L between 2008 and 2013 (Liu et al.,
2018). According to Vermeulen et al. (2019), the monthly concentration of
Cryptosporidium in surface water ranges from 10-2 to 102 oocysts/L globally. Based on
WHO’s classification of pollution levels, the estimated pollution levels in Liu et al.
(2018) are different from Vermeulen et al. (2019), ranging from pristine level to
grossly polluted level for Chinese water systems (Medema et al., 2009). This
difference might because the two models take different modelling approaches at
different scales.
6

Cryptosporidium is zoonotic, which indicates that it could be transmitted between
human and animals. This leads to much higher potential of human infection
compared to other pathogens. Besides, Cryptosporidium is an important cause of
infant diarrhoea and sepsis that may lead to mortality (Levine et al., 1984; Stoll et al.,
2011). Meanwhile, the transportation of Cryptosporidium in bio-ecosystems poses a
threat on drinking, irrigation and recreational water safety, and may even impact
food chain (Xiao et al., 2012; Amorós et al., 2010; Xiao et al., 2018).

2.3.1.3 Plastic
The representative pollutant of plastic is MP. MP is not a regular indicator that is
monitored for the water quality in China.
The monitoring data shows that MP is widely detected in China and the
concentration is generally higher in the surface water systems close to cities. Here
the pollution levels in Pearl River (Zhujiang in Chinese) are taken as an example. In
2017, the abundance of MP was reported to range from 0.02 to 5 mm (Lin et al.,
2018). Based on the sampling data in July 2017 from 14 sampling sites in Guangzhou
of Pearl River, the concentration of MP was reported at about 379 - 7924
particles/m3 (Lin et al., 2018). The microplastic debris in the Pearl River consists of
fibres, fragments and films (Lin et al., 2018). Based on the sampling data of surface
water provided by other datasets and literature before May 2019, the pollution level
of MP in the Pearl River is most serious compared to other basins in China (Fu and
Wang, 2019).
Several modelling studies focused on quantifying plastic emissions from rivers to
oceans. According to Lebreton et al. (2017), the Yangtze River is estimated to export
310 - 480 ton of plastic (total including macro and micro) in the year 2014 - 2015 to
coastal seas, and the export of MP from the Huangpu River is about 64.6 - 67.3 ton.
The annual export of MP of the year 2000 from Chinese rivers to coastal seas is
approximately 250 - 1000 ton (van Wijnen et al., 2019).
As a result of excessive use of MP in industrial production and people’s daily life, the
pollution of MP has been increasing in Chinese surface water systems (Fu and Wang,
2019). MP could be ingested by human and aquatic animals. Some impacts are
observed on animals, such as mechanical injuries, decrease in growth rates of
aquatic organisms, but recent studies on microplastics are still limited and not strong
evidence to prove that MP are harmful to people (Cannon et al., 2016; Jackson et al.,
2000).

2.3.1.4 Pharmaceuticals and personal care products (PPCPs)
The representative pollutant of pharmaceuticals and personal care products (PPCPs)
is TCS. PPCPs are merging pollutants. The Chinese government does not include
PPCPs in the monitoring programs.
7

The sampling data shows that the contamination of PPCPs In China has been widely
detected in variable environmental systems, such as sewage, surface water, ground
water, coastal seas, soil, sludge, sediments, and aquatic animals (Liu and Wong,
2013). Here the pollution levels of TCS in Pearl river are taken as an example.
According to the monitoring data from two sampling sites in Danshui River of Pearl
River, from July – November 2012, the frequency of TCS detection in sampling water
is approximately 39% in wet seasons and 30% in dry seasons (Yao et. al, 2018). The
maximum concentration is respectively 79.5 ng/g in wet seasons and 31.2 ng/g in dry
seasons (Yao et. al, 2018).
There are several studies focusing on the pollution levels and risk assessment of TCS.
For example, the annual river export of TCS to oceans in the year 2000 is estimated
at a high level about 250 - 1000 ton according to van Wijnen et al. (2018). Based on
the work of Zhang et al. (2015), there are 2 and 13 out of 58 basins in China
respectively suffering from high and medium risks caused by TCS pollution problems.
Several pollution problems could be generated by PPCPs due to their resistance to
degradation. For example, pollutants bioaccumulate in fishes and algae, and the
concentration can even reach the level of ecological toxicity (Yao et al., 2019).
Besides, PPCPs could also lead to the loss of biodiversity and further threaten
ecosystem services (Malaj et al., 2014).
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Table 2.1. An overview of water pollution problems in China caused by nutrients, pathogens, microplastics and pharmaceuticals and personal care products
(PPCPs). The overview includes representative pollutants, general impacts, pollution distribution and pollution levels. The groups of pollutants are classified as
defined in Section 2.2.2. Source: literature review in the main text.
Pollutant
Representative General impacts
Pollution distribution Example Pollution levels in the
Relative pollution
sourcesa
groups
pollutants
in China
river
river
levels based on
modelling studies
Nutrients

Nitrogen (N)
Phosphorous (P)

• Eutrophication
• Algae blooms
• Die-off of fishes
• Depletion of dissolved oxygen
• Musty odour

Pathogens

Escherichia coli
(E. coli)
Cryptosporidium

Plastic

MP

PPCPs

TCS

• Human infection
• Infant diarrhoea
• Infant sepsis
• Infant mortality
• Drinking water safety
• Irrigation water safety
• Recreational water safety
• Threatening food chain
• Ingested by humans
• Ingested by aquatic animals
• Bioaccumulation in aquatic
bodies
• Mechanical injuries
• Decrease in growth rate of
aquatic organisms
• Impairing food chain
• Resistant to degradation
• Bioaccumulation in fishes and
algae
• Ecological toxicity
• Loss of biodiversity

• Widely detected
• 29% of assessed lakes
and reservoirs according
to CEQ (2018)
• 61% of assessed water
areas according to CEQ
(2018)
• Widely detected
• Higher concentration
in water systems close
to cities and agricultural
areas

Yangtze
river

• Monitoring data
• Concentration:
TN: 1.4 - 2.4 mg/L
TP: 0.07 - 0.24 mg/L

• Pollution levels in
inland water
systems: high
• Annual river export
to oceans: high

1

Yangtze
river

• Monitoring data
• E. coli:
Winter: 2496 CFU/L
Summer: 91784 CFU/L

• Pollution levels in
rivers:
Variable in different
studies;
Ranging from
pristine level to
grossly polluted level

2

• Widely detected
• Higher concentration
in water systems close
to big cities

Pearl
river

• Sampling data
• Concentration:
379 - 7924 microplastics/m3
• Range of size:
0.02 - 5 mm
• Types of debris:
fibres, fragments and films.

• Pollution levels in
inland water
systems: high
• Annual river export
to oceans: high

3

• Widely detected
• Sewage, surface,
ground water and
coastal seas
• Soil, sludge and
sediments

Pearl
river

• Sampling data
• Frequency of detection:
Wet seasons: 39%
Dry seasons: 30%
• Maximum concentration:
Wet seasons: 79.5 ng/g

• Annual river export
to oceans: High
• Risks in Chinese
basins:
High risks: 2/58
Medium risk: 13/58

4

9

• Impairing ecosystem services

• Aquatic animals

Dry seasons: 31.2 ng/g

Low risk: 43/58

a: 1. Gao et al. (2016); Li et al. (2012); Yang et al. (2019); Wang et al. (2018); 2. Fu and Wang, (2019); Liu et al. (2019); 3. Lin et al. (2018); Lebreton et al. (2017); van Wijnen et al. (2019); 4. Yao et. al. (2018); van
Wijnen et al. (2018); Zhang et al. (2015).
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2.3.2 Sources of pollutants in Chinese water systems
The sources of N, P, Cryptosporidium, MP and TCS are classified as diffuse and point sources
(Table 2.2). The point sources are points at which waste is entering water systems. These are,
for example, sewage pipes. Diffuse sources are defined as scatter pollution sources, which
normally originate from a wide area rather than from a single point, for example, runoff from
agricultural fields.
Nutrients in rivers originate from agricultural activities and sewage discharges. Agricultural
activities include animal husbandry and crop production. The diffuse sources of nutrients are
synthetic fertilizers to land, animal manure to land, human excreta to land, organic leaching,
atmospheric N deposition, biological N2 fixation, P weathering and sewage sludge to land
(Table 2.2) (Mayorga et al., 2010; Strokal et al., 2016; GOSC, 2016). The point sources include
sewage discharges to rivers, open defecation and direct discharges of untreated manure to
rivers (Table 2.2) (Strokal et al., 2016; Ma et al., 2010; GOSC, 2016). In China, the direct
discharges of untreated animal manure (point source) and the over-use of synthetic
fertilizers (diffuse source) are the main contributors of the increasing inputs of P and N to
rivers and thus to seas.
The spread of Cryptosporidium depends on farming animals, wild animals and humans (Feng
et al., 2011). The pathway of Cryptosporidium transmission could be human-to-human,
animal-to-human, water and food (Medema et al., 2009). The sources of Cryptosporidium to
rivers are considered as animal manure and human excreta (Hofstra et al., 2013). Based on
the routes of Cryptosporidium transmission to surface water, the diffuse sources include
animal manure to land, human excreta to land, grazing and sewage sludge to land (Table 2.2)
(Hofstra et al., 2013; GOSC, 2016). The point sources include the sewage discharges to rivers
and untreated manure to rivers by pipes (Table 2.2) (Hofstra et al., 2013; Ma et al., 2010;
GOSC, 2016). In China, the main contributors of Cryptosporidium in rivers are animal manure
to land, human excreta via sewage systems to rivers. The direct discharge of untreated
animal manure as mentioned in Ma et al. (2010) might be another important source of
Cryptosporidium in Chinese water systems.
MP mainly originates from textiles, personal care products, dust of tyres and the breakdown
of large plastic (Browne 2015; Rochman 2018). The diffuse sources of MP in water systems
include breakdown of mulch films, waste, litter, compost in agriculture, atmospheric
deposition and sewage sludge to land (Table 2.2) (Scheurer and Bigalke, 2018; Dris et al.,
2016; GOSC, 2016). The point sources of MP in water systems are the direct discharges of
waste water and sewage discharges to rivers containing dust of tyres, abrasion of textiles and
personal care products (Table 2.2) (van Wijnen et al., 2019; GOSC, 2016). According to
Boucher and Friot. (2017), the abrasion of tyres and textiles are the greatest contributors of
the MP to rivers and oceans globally. Besides, one special source of MP in China is the diffuse
breakdown of mulch films, since China is the largest user of plastic mulch in agricultural
activities around the world (Espi et al., 2006).
TCS is one kind of antibacterial agents used in PPCPs. Due to the abuse of antibacterial
agents, the PPCPs can be accumulated in the humans and animals. This could result in the
release of antibiotics into environment via animal manure and human urine (Manyi-Loh et al.,
2018). The diffuse sources are livestock farming, animal manure, veterinarian treatments,
11

human urine and sewage sludge to land (Table 2.2) (Manyi-Loh et al., 2018; Weatherly and
Gosse, 2017; GOSC, 2016). The point sources are sewage discharges to rivers, and direct
discharges of untreated manure to rivers (Table 2.2) (Zhang et al., 2015; Ma et al., 2010;
GOSC, 2016). In China, due to the increasing use of personal care products and the abuse of
antibacterial agents in human and animals, the main contributors of PCPs in rivers are
sewage discharges to rivers, livestock farming and veterinarian treatments.
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Table 2.2. The summarized sources of nutrients, pathogens, microplastics (MP) and pharmaceuticals and personal care products (PPCPs). The
groups of pollutants are classified as defined in Section 2.2.2. The sources of pollutants are classified as diffuse and point sources. The words in
bold indicate which source is considered as an important contributor to the pollution problems in China based on existing modelling studies.
Source: literature review in the main text.
Pollutant groups
Representative pollutants Diffuse sources
Point sources
Sources
Nutrients

Nitrogen (N)
Phosphorous (P)

Pathogens

Cryptosporidium

Plastic

Microplastics

Pharmaceuticals
and Triclosan
personal care products

• Synthetic fertilizers to land
• Animal manure to land
• Human excreta to land
• Organic leaching
• Atmospheric N deposition
• Biological N2 fixation
• P weathering
• Sewage sludge to land
• Animal manure to land
• Human excreta to land
• Sewage sludge to land

• Manure discharges to rivers
(untreated by pipes)
• Sewage discharges to rivers

Mayorga et al. (2010)
Strokal et al. (2016)
Ma et al. (2010)
GOSC (2016)

• Sewage discharges to rivers
• Manure discharges to rivers
(untreated by pipes)

Hofstra et al. (2013)
Vermeulen et al. (2019)
Ma et al. (2010)
GOSC (2016)

• Breakdown of plastic mulch
• Solid waste and litter
• Compost in agriculture
• Atmospheric deposition
• Sewage sludge to land
• Manure on land containing
PCPs used in livestock farming
• Manure on land containing
veterinarian compounds
• Human urine to land
• Sewage sludge to land

• Sewage discharges to rivers
• Direct discharges of waste
water (untreated by pipes)

van Wijnen et al. (2019)
Scheurer and Bigalke. (2018)
Dris et al. (2016)
GOSC (2016)

• Sewage discharges to rivers
• Manure discharges to rivers
(untreated by pipes)

Zhang et al. (2015)
Ma et al. (2010)
GOSC (2016)
Weatherly and Gosse (2017)
Manyi-Loh et al. (2018)
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2.3.3

Pollution levels in comparison with other world regions

The pollution caused by N, P, MP, TCS and Cryptosporidium mainly originates from industrial
and agricultural sectors. Here the comparison of pollution levels (Table 2.3) are conducted
among China, Europe (EU) and North America (US), since they are the three largest importers
and exporters of industrial chemicals and agricultural products (WTO, 2018). The pollution
levels in these three regions are variable due to different status of development in
socio-economy, treatment technique and pollution management policies.
Based on the results of Global NEWS-2 model (Mayorga et al., 2010), for river export of TN,
the range was from 435 – 750 kg∙N∙km2∙yr-1 for China, 220 to 400 kg∙N∙km2∙yr-1 for EU and
150 - 310 kg∙N∙km2∙yr-1 for US (Table 2.3). For river export of TP, this range was from 55 to
350 kg∙P∙km2∙yr-1 for China, 40 - 105 kg∙P∙km2∙yr-1 for EU and 40 - 80 kg∙P∙km2∙yr-1 US (Table
2.3). Therefore, the nutrient levels at the river mouth per km 2 of the individual river basins in
China are higher than for the other two regions.
Regarding Cryptosporidium, the pollution levels are calculated based on the GloWPa - Crypto
C1 model (Vermeulen et al., 2019). The monthly Cryptosporidium concentrations in surface
waters were estimated at 10-3 - 102 oocysts∙L-1 for China, 10-4 - 102 oocysts∙L-1 for EU and 10-12
- 101 oocysts∙L-1 for US in the year 2005 - 2010 (Table 2.3). From these estimates,
Cryptosporidium concentrations are lower in water systems of US compared to China (Table
2.3). Based on WHO’s classification of pollution levels, most areas in China are polluted and
even grossly polluted (Medema et al., 2009).
The river export of MP in these three regions is estimated based on the GREiMS model (van
Wijnen et al., 2019). The river export of MP to coastal seas is estimated to be 250 – 1000
ton∙yr-1 for China, 50 - 1000 ton∙yr-1 for EU and 10 - 1000 ton∙yr-1 for US (Table 2.3). The
minimum export of MP in China is respective 5 and 25 times higher than EU and US (Table
2.3).
The pollution levels of TCS is according to the Global TCS model (van Wijnen et al., 2017). The
river export of TCS to coastal seas are projected to be 500 – 1000 mg∙km2∙yr-1 for China, 100
– 1000 mg∙km2∙yr-1 for EU and 25 - 1000 mg∙km2∙yr-1 for US (Table 2.3). The minimum export
of TCS in China is respective 5 and 20 times higher than EU and US (Table 2.3).
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Table 2.3. The pollution levels of nutrients, pathogens, microplastics (MP) and pharmaceuticals and personal care products (PPCPs) in Chinese
water systems compared to Europe and North America. The groups of pollutants are classified as defined in Section 2.2.2. The pollution levels
are compared based on the pollution indicators of each representative pollutant. Source: literature review in the main text.
Pollutant groups
Nutrients

Representative
pollutants
Nitrogen (N)
Phosphorous (P)

Pathogens

Cryptosporidium

Plastics

MP

PPCP

TCS

Indicators for pollution levels

China

Europe

North America

Sources

Annual river export of total
nitrogen to seas (TN) at the
basin scale
Annual river export of total
phosphorous at the basin scale
(TP)
Year: 2000
Unit: kg∙N or P∙km2∙basin area
yr-1
Monthly Cryptosporidium
concentration in surface water
at the grid scale of 0.5 degree
cell
Year: 2005 - 2010
Unit: oocysts∙L-1 of 0.5 degree
grid
Annual river export of
microplastics to seas at the basin
scale
Year: 2000
Unit: ton∙yr-1
Annual river export of triclosan
to seas at the basin scale
Year: 2000
Unit: mg∙km2∙basin yr-1

TN: 435 - 750
TP: 55 - 350

TN: 220 - 400
TP: 40 - 105

TN: 150 - 310
TP: 40 - 80

Mayorga et al. (2010)

10-3 - 102

10-4 - 102

10-12 - 101

Vermeulen et al. (2019)

250 - 1000

50 - 1000

10 - 1000

van Wijnen et al. (2019)

500 - 1000
Or > 1000

100 - 1000

25 - 1000

van Wijnen et al. (2017)
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2.4 Conclusions
The aim of Chapter 2 is to answer RQ1: What water pollution problems exist in China
according to literature? To answer this question, literature and models are reviewed. Below, I
summarize two main findings.
First, water systems experience a verity of pollution problems in China. These pollution
problems are often associated with the following pollutants: by nutrients, pathogens, plastic,
and PPCPs. In this thesis, I take nitrogen (N) and phosphorous (P), Cryptosporidium, MP and
TCS as the representative pollutants. Existing monitoring and modelling studies indicate
increasing levels of the pollutants in different water systems of China (e.g., lakes, reservoirs,
rivers, seas) over time. For example, concentrations of N and P in the Yangtze River exceed
largely the water quality standard of Class III (not suitable for drinking). Modelling studies
project more increases in river export of nutrients for many Chinese rivers in the coming
years. Concentrations of Cryptosporidium in some water systems of China are grossly
polluted correspond to the WHO level. In comparison with the European Union and the
United States, many Chinese rivers are rather more polluted with nutrients and other
pollutants. However, only total N and P, and ammonium are included in the national
monitoring programs. Pollution levels of dissolved organic N and P, Cryptosporidium, MP and
TCS are hardly monitored.
Second, a variety of pollutants enter water systems in China from agricultural activities and
urbanized areas. For example, agricultural activities and sewage systems are two main
contributors of nutrients, Cryptosporidium, MP and TCS (mainly sewage) in Chinese waters.
For nutrients, the direct discharges of untreated animal manure (point source) and the
excessive use of synthetic fertilizers (diffuse source) are important contributors of the
increasing inputs of P and N to rivers. For the pollution caused by Cryptosporidium, the main
contributors are considered as animal manure to land (diffuse source), human excreta via
sewage systems to rivers (point source). However, direct discharges of manure (point source)
may also contribute Cryptosporidium to rivers, but it is not yet quantified. Regarding MP in
rivers, the abrasion of tyres and textiles (entering sewage systems, point source) and the
diffuse breakdown of plastic mulch on the land (diffuse source) are the main causes. For TCS
in rivers, the sewage discharges to rivers is the main factors.
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Chapter 3: Model description for multiple
pollutants
3.1 Introduction
The aim of Chapter 3 is to answer Research Question 2:
How to quantify the river export of multiple pollutants by source to Chinese seas?
Section 3.2 describes the methods used to address RQ2. Section 3.3 provides the
review of existing individual pollutant models. Section 3.4 describes how to integrate
equations from individual models into a new multi-pollutant model while considering
consistent datasets in time (annual) and space (sub-basins). Section 3.5 provides
conclusions.

3.2 Methodology
I reviewed the following individual pollutant models: MARINA 1.0 for N and P (Strokal
et al., 2016), GloWPa - Crypto C1 for Cryptosporidium (Vermeulen et al., 2019),
Global TCS model for TCS (van Wijnen et al., 2017) and GREMiS model for MP (van
Wijnen et al., 2019). I selected these models because all of these models quantify
river export of the following pollutants on a large scale based on the same modelling
concept originated from Global NEWS-2 (Mayorga et al., 2010). All of the equations
and modelling details in models are extracted from literature and models. In this
thesis, the multiple pollutants modelling is based on the integration of several
existing individual pollutant models, such as the MARINA 1.0 model (Strokal et al.,
2016), GloWPa - Crypto C1 model (Vermeulen et al., 2019) and others (see Section
3.3). I integrated the modelling approaches into a multi-pollutant model. This
integration is done in terms of the equations, making units and spatial and temporal
level of details consistent for the each pollutant. In my integration, I take the first
multi-pollutant model of Strokal et al., (2019) as the basis.

3.3 Existing models for individual pollutants
In this thesis, four individual pollutant models are selected to review (see Section
3.2). These models are the MARINA 1.0 model for nutrients (Strokal et al., 2016),
GloWPa - Crypto C1 for Cryptosporidium (Vermeulen et al., 2019), Global TCS model
for TCS (van Wijnen et al., 2017) and GREMiS model for MP (van Wijnen et al., 2019).
Below, I describe their similarities and differences in terms of purpose, spatial and
temporal level of details, sources, retentions and losses of pollutants from rivers
(Tables 3.1-3.4).
Most of the reviewed models have similar purposes, but differ in the modelled
pollutants (Tables 3.1-3.4). For example, the MARINA 1.0, Global TCS and GREMiS
models aim to quantify river export of the pollutants in the past and future. These
models aim to better understand the sources of pollutants in rivers and explore
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solutions. The MARINA 1.0 model quantifies river export of DIN, DON, DIP and DOP
by source. The Global TCS model quantifies river export of TCS and GREMiS
quantifies river export of MP (Tables 3.1-3.4). Outputs of these models are often in
loads (e.g., kg∙year-1) and yields (kg∙km-2∙year-1). These models were developed using
the modelling approaches of the Global NEWS-2 model (Nutrient Export from
WaterSheds, Mayorga et al., 2010). However, the GloWPa - Crypto C1 model is
different. This model quantifies concentrations of Cryptosporidium in rivers (Tables
3.1-3.4).
The reviewed four models have similarities and differences in spatial and temporal
level of detail (Tables 3.1-3.4). For example, the MARINA 1.0 model is applied for
Chinese six large rivers at a sub-basin scale (Strokal et al., 2016). The GloWPa - Crypto
C1 model is applied globally and quantifies Cryptosporidium concentrations in rivers
on a 0.5 * 0.5 degree grid (Vermeulen et al., 2019). The Global TCS and GREMiS
models are applied globally at the basin scale (van Wijnen et al., 2017, 2019). The
MARINA 1.0, TCS and GREMiS models provide annual values for the river export of
pollutants. This is different for the GloWPa - Crypto C1 model that provides monthly
values for concentrations of Cryptosporidium in rivers (Vermeulen et al., 2019).
The principle of quantifying river export is that the river export of pollutants is the
combined results depending on the pollutant inputs into rivers and pollutant
retentions, which is similar in all models (Tables 3.1-3.4). This principle follows the
three steps. First, inputs of the pollutants to rivers from point and diffuse sources are
quantified. Second, retentions and losses of the pollutants in rivers are quantified.
Third, river export of pollutants to river mouth is quantified. The model for
Cryptosporidium accounts for routing from grid to grid, which is not done in the
other models.
Most of the models account for point and diffuse sources of the pollutants in rivers
(Tables 3.1-3.4). The MARINA 1.0 model quantifies point and diffuse sources of
nutrients in rivers originated from human activities and natural processes. Point
sources include sewage discharges and direct discharges of animal manure to rivers
(Strokal et al., 2016). Diffuse sources include the use of synthetic fertilizers, animal
manure, human excreta, leaching of organic matter, atmospheric N deposition,
biological N2 fixation and P weathering from soils (Strokal et al., 2016). The GloWPa Crypto C1 model quantifies Cryptosporidium in rivers from sewage systems (point
source), animal manure and human excreta on land (diffuse soruce) (Vermeulen et
al., 2019). The Global TCS model includes personal care products discharged by
sewage systems as point source (van Wijnen et al., 2017). The GREMiS model
quantifies MP in rivers from fragmentation of macroplastics as the diffuse source and
MP in rivers from sewage systems. In sewage systems, MP originated from car tyre
wear, laundry fibres and PCPs is considered as the point source (van Wijnen et al.,
2019).
The models follow a similar approach to quantify export of pollutants from land to
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rivers (Tables 3.1-3.4). First, export of pollutants from land activities (sources) to
rivers is quantified as a function of population (human or animal depending on a
source), management options (e.g., how much human waste goes to sewage systems)
and removal efficiencies of pollutants during treatment (Tables 3.1-3.4). For example,
for nutrients, a mass-balance approach is used: export from land to rivers is
quantifies as inputs of nutrients to agricultural land minus uptake by crops and this
amount is corrected for losses and retentions in soils. Second, retentions and losses
of nutrients in soils are quantified as a function of runoff from land to streams.
Runoff is also used in the model for Cryptosporidium. The MARINA 1.0 model uses an
export coefficient approach to quantify some N and P in rivers from sources such as P
weathering, leaching of organic matter (Tables 3.1-3.4).
Pollutants in rivers can be retained or lost from rivers. The models account for most
important retentions and losses of the pollutants in rivers during their transport
towards the river mouth (Tables 3.1-3.4). Retentions and losses result often from
three main aspects: (1) processes (e.g., denitrification for N, sedimentation for P, TCS
and MP, decay for Cryptosporidium), (2) river damming (e.g., for nutrients, TCS) and
(3) water consumption for different purposes (e.g., for nutrients, TCS and MP). In the
MARINA 1.0 model, three categories are modelled for nutrients (Strokal et al., 2016).
The GloWPa - Crypto C1 model only considers the retention of Cryptosporidium in
rivers by decay and sedimentation (Vermeulen et al., 2019). The Global TCS model
takes three categories into account as well and considers the retained TCS by
absorption, sedimentation and biodegradation in rivers (van Wijnen et al., 2017). In
the GREMiS model, the loss of MP due to retention and water consumption are
included (van Wijnen et al., 2019).
One of the common outputs of individual pollutant models is the total river export of
pollutants (Tables 3.1-3.4). The total river export of pollutants is calculated by
summing pollutants that are exported to the river mouth from different sources in
the Global TCS and GREMiS models (van Wijnen et al., 2017; van Wijnen et al., 2019).
The same implies for the MARINA 1.0 model, but with a slight modification. Here,
river export of nutrients results from sub-basins. Thus, the total river export is the
sum of nutrients at the river mouth from all sources and sub-basins that drain into
this river mouth. In the GloWPa - Crypto C1 model, the transportation, decay and
sedimentation of oocysts is based on a routing modelling approach (Vermeulen et al.,
2019). Therefore, the total export is calculated by summing pollutants in rivers of
each grid from different sources in this grid and from upstream grids while
accounting for retentions and losses in this grid.
Based on the review of individual pollutant models, the MARINA 1.0 model is found
to fit the purpose of the new multi-pollutant model regarding the modelling
approach, spatial and temporal level of details. Therefore, the integration of
individual pollutant models could apply the sub-basin modelling approach used in
MARINA 1.0 to quantify the river export of multiple pollutants by source to Chinese
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seas.
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Table 3.1 Overview of the four models for water quality assessment on global and China scales. MARINA 1.0 is short for Model to Assess River
Inputs of Nutrients to seAs (Strokal et al., 2016). GloWPa - Crypto C1 is short for Global Waterborne Pathogen model for Cryptosporidium
concentration (Vermeulen et al., 2019). Global TCS model is for triclosan (van Wijnen et al., 2017). GREMiS model is short for Global Riverine
Export of Microplastics into Seas (van Wijnen et al., 2019). WBM is short for Water Balance Model (Fekete et al., 2010). VIC is short for Variable
Infiltration Capacity (REFERENCE). Equations to the models are given in Tables 3.2-3.4.
Resolution
Models

Modelled
pollutants

Temporal

Spatial

Application

Sources of
pollutants in rivers

Pollutant transport from watersheds to rivers and
seas
Calculation of
Hydrology2
Retentions and
inputs of
losses of
pollutants to
pollutants in
rivers
rivers

River export of
pollutants

MARINA
1.0

DIN, DON,
DIP, DOP

Annual

Sub-bas
ins

China

Diffuse sources:
• Synthetic fertilizers
• Animal manure
• Human excreta
• Leaching of organic
matter
• Atmospheric N
deposition
• Biological N2
fixation
• P weathering
Point sources:
• Sewage discharges
• Direct discharge of
animal manure

Diffuse sources:
• Runoff
functions
• Export
coefficient
approach
Point sources:
• Fraction of
waste water
removal by
treatment
• Fraction of
population
connected to
sewage systems
• Fraction of
direct manure
discharges

WBM1

• Denitrification
• Sedimentation
•River damming
•Consumptive
water use

Sum of
pollutants
exported to the
river mouth
from different
sources and
sub-basins

GloWPa
Crypto
C1

Oocysts

Month

0.5 *
0.5
grid

Global

Diffuse sources:
• Animal manure
• Human excreta
Point source:
• Sewage discharge

Diffuse sources:
• Runoff
functions
• Export
coefficient

VIC2

• Decay
• Sedimentation

Sum of
pollutants in
each grid from
while
accounting for
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Global
TCS

Triclosan

Annual

Basins

Global

Point source:
• Sewage discharge

GREMiS

Microplastic
s

Annual

Basins

Global

Diffuse source:
• Macroplastics
fragmentation
Point source:
• Sewage discharges

approach
Point source:
• Fraction of
waste water
removal by
treatment
• Fraction of
population
connected to
sewage systems
Point sources:
• Fraction of
waste water
removal by
treatment
• Fraction of
population with
sewage
connections

Diffuse sources:
•Fraction of
release of
microplastics in
rivers from
macroplastics
Point source:
• Fraction of
waste water
removal by
treatment
• Fraction of
population with
sewage
connections

retentions and
losses in this
grid (based on
water flow
routing)

WBM1

• Absorption
• Sedimentation
• Biodegradation
•River damming
•Consumptive
water use

Sum of
pollutants
exported to the
river mouth
from point
sources

WBM1

•Consumptive
water use
•Sedimentation
•fragmentation

Sum of
pollutants
exported to the
river mouth
from different
sources

a.1.Vörösmart et al. (1998); 2. Liang et al. (1994).
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Table 3.2 Main equations to quantify river export of nutrients, Cryptosporidium, triclosan and microplastics by four models. MARINA 1.0 is short
for Model to Assess River Inputs of Nutrients to seAs (Strokal et al., 2016). GloWPa - Crypto C1 is short for Global Waterborne Pathogen model
for Cryptosporidium concentration (Vermeulen et al., 2019). Global TCS model is for triclosan (van Wijnen et al., 2017). GREMiS model is short
for Global Riverine Export of Microplastics into Seas (van Wijnen et al., 2019). Details on the equations for pollutant inputs to rivers are in Table
3.3 and for retentions in rivers in Table 3.4.
Models
Main equations for river exports
Description of variables
Mismatch with the
Sourcesa
sub-basin modelling
approach of MARINA 1.0
MARINA 1.0

MF.y.j = RSF.y.j∙FEriv.F.outlet.j∙FEriv.F.mouth.j

GloWPa Crypto C1

Li.n = (SDi + SPi + Li.n-1)∙e-Ki

Global TCS

YldTCS = RSpnt.TCS∙FTCSriv

∙ ti

MF.y.j: export of nutrient form F to the river mouth
by source y from sub-basin j (kg∙year−1)
RSF.y.j: inputs of nutrient form F to surface waters
from source y in sub-basin j (kg∙year−1)
FEriv.F.outlet.j: fraction of nutrient form F exported to
the outlet of sub-basin j (0-1)
FEriv.F.mouth.j: fraction of nutrients form F exported
from the outlet of sub-basins j to the river mouth
(0-1)
Li.n: oocyst load in month i in a grid cell with flow
accumulation number n (oocysts∙month-1)
SDi: oocyst input to rivers from diffuse sources in
month i (oocysts∙month-1)
SPi: oocyst input to rivers from point sources in
month i (oocysts∙month-1)
Li,n-1: oocyst load in month i from grid cells that
flow into grid number n-1 (oocysts∙month-1)
Ki: loss rate coefficient in month i
ti: water residence time in the grid cells in month i
(days)
YldTCS: export of triclosan to the river mouth
(g∙km-2∙year−1)
RSpnt.TCS: triclosan inputs to rivers from point sources

N/A

1

No source contributors
for concentrations
No sub-basin scale

2

3
No sub-basin scale
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GREMiS

YldMP = (RSpnt.i + RSdiff.j)∙Friv.MP

(g∙km-2∙year−1)
FTCSriv: fraction of triclosan inputs exported by rivers
to coastal seas (0–1)
YldMP: export of microplastics to the river mouth
(g∙km-2∙year−1)

No sub-basin scale

4

RSpnt.i: inputs to rivers from a point source i
(g∙km-2∙year−1)
RSdiff.j: inputs to rivers from a diffuse source j (g∙km-2∙
year−1)
Friv.MP: fraction of microplastics exported by rivers to
coastal seas (0-1)
a: 1. Strokal et al. (2016); 2. Vermeulen et al. (2019); Hofstra et al. (2013); 3. van Wijnen et al. (2017); 4. van Wijnen et al. (2019)
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Table 3.3 Main equations to quantify inputs of nutrients, Cryptosporidium, triclosan and micropalstics to rivers from point and diffuse sources
according to the four models. MARINA 1.0 is short for Model to Assess River Inputs of Nutrients to seAs (Strokal et al., 2016). GloWPa - Crypto
C1 is short for Global Waterborne Pathogen model for Cryptosporidium concentration (Vermeulen et al., 2019). Global TCS model is for triclosan
(van Wijnen et al., 2017). GREMiS model is short for Global Riverine Export of Microplastics into Seas (van Wijnen et al., 2019). Equations for
retentions of pollutants in rivers are in Table 3.4.
Models
Production of pollutants Pollutant inputs from watersheds to rivers
Description
Sources
a
in watersheds
MARINA
1.0

Production = consumption
or excretion per person or
animal head * number of
people or animals

Diffuse sources:
RSdifF.y.j = WSdifE.y.j∙FEws.F.j∙GF.j
Point sources:
• Sewage discharge (N as an example):
RSpntF.hum.con.urb.j = Nexehum.con.j∙Popcon.j∙(1-hwfrem.F.j)
• Direct discharge of human excreta (N as an
example):
RSpntN.hum.uncon.j = Nexehum.uncon.j∙frN.sw.hum.uncon∙FEpnt.F.y
• Direct discharge of animal manure (N as an
example):
RSpntN.ma.j = Nexema. j∙frN.sw.ma.j∙FEpnt.F.y

WSdifE.y.j: inputs of nutrient element E to agricultural
and non-agricultural land in sub-basin j from source y
(kg∙year−1)
FEws.F.j: export fraction of nutrient form F to surface
waters in sub-basin j (0-1)
GF.j: fraction of nutrient F that remained in soils of subbasin j after grazing and crop harvesting in agricultural
land (0-1)
Nexehum.con.j: N in human excretion connected to
sewage systems in sub-basin j (kg∙year−1)
Popcon: fraction of population connected to sewerage
systems in sub-basin j (0–1)
hwfrem.F.j: fraction of nutrient form F removed by
wastewater treatment in sub-basin j (0–1)
Nexehum.uncon.j: N in human excretion unconnected to
sewage systems in sub-basin j (kg∙year−1)
frN.sw.hum.uncon: fraction of N in human excretion
unconnected to sewage systems directly discharged to
surface waters in sub-basin j (0-1)
FEpnt.F.y: fraction of nutrient form F entering surface
waters in sub-basin j from point source y
Nexema.j: N in animal excretion directly discharged to
surface waters in sub-basin j (kg∙year−1)
frN.sw.ma.j: fractions of N in animal excretion directly
discharged to surface waters in sub-basin j (0-1)

1
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GloWPa
Crypto C1

Diffuse sources:
• Animal manure and human excreta
SD = A∙Oa∙fro
Point sources:
• Sewage discharge
SP = P∙fc∙Op∙(1−frem)

A: animal population density (heads of animals)
Oa: excretion rate of animals (oocysts∙head-1∙year-1)
SD: oocysts emitted from diffuse sources (oocysts)
SP: oocysts emitted from point sources (oocysts)
Fro: fraction of oocysts on the land transported into
surface water (0-1)
P: population density (cap)
fc: fraction of population connected to sewer systems
(0-1)
Op: excretion rate of humans (oocysts∙cap-1∙year-1)
Frem: fraction of oocysts removed by wastewater
treatment (0–1)

2

Global
TCS

Point sources:
• Sewage discharge
RSpnt.TCS = WShwTCS∙I∙(1-hwfrem,TCS)

WShwTCS: input of triclosan by human waste to
watersheds (g∙km-2∙ year−1)
I: fraction of population connected to sewer system
(0–1)
hwfrem.TCS: fraction of triclosan removed by wastewater
treatment (0–1)

3

GREMiS

Diffuse sources:
RSdiff.MP = Fmacro∙(WSf∙tr.f + WSs∙tr.s)
Point sources:
• Sewage discharge
RSpnt.i = WSini∙Pden∙Pcon∙(1−hwfrem)

Fmacro: release rate of microplastics from macroplastics 4
(amount∙year−1)
WSf (WSs): annual input of macroplastics into the fast
(slow) fraction (g∙km-2∙year−1)
tr.f (tr.s): average residence time of macroplastics in the
fast (slow) fraction (years)
WSini: input of microplastics from a point source i into
the watershed (g∙cap-1∙year−1)
Pden: population density within the watershed (cap∙km-2)
Pcon: fraction of population connected to sewerage
systems (0–1)
hwfrem: fraction of microplastics removed by wastewater
treatment (0–1)

a: 1. Strokal et al. (2016); 2. Vermeulen et al. (2019); Hofstra et al. (2013); 3. van Wijnen et al. (2017); 4. van Wijnen et al. (2019)
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Table 3.4 Equations to quantify pollutant retentions and losses during transportation towards the river mouth according to the four models.
MARINA 1.0 is short for Model to Assess River Inputs of Nutrients to seAs (Strokal et al., 2016). GloWPa - Crypto C1 is short for Global
Waterborne Pathogen model for Cryptosporidium concentration (Vermeulen et al., 2019). Global TCS model is for triclosan (van Wijnen et al.,
2017). GREMiS model is short for Global Riverine Export of Microplastics into Seas (van Wijnen et al., 2019).
Models
Quantify retention and loss of
Description
Sourcesa
pollutants during transportation
MARINA 1.0

FEriv.F.outlet.j = (1-DF.j)∙(1-LF.j)∙(1-FQrem.j)

GloWPa Crypto C1

Loss rate = e-Ki ti

Global TCS

FTCSriv = (1-LTCS)∙(1-DTCS)∙(1-FQrem)

GREMiS

Friv.MP =(1-LMP)∙(1-FQrem)

∙

DF.j: fraction of nutrient form F trapped by reservoirs in
sub-basin j (0-1)
LF.j: retention fraction of nutrient form F due to
denitrification and sedimentation in sub-basin j (0-1)
FQrem.j: fraction of nutrients removed due to water
consumption in sub-basin j (0-1)
Qact.j: actual water discharge before water consumption in
sub-basin j (km3∙year-1)
Qact.i: actual water discharge for reservoir I (km3∙year-1)
DDIN(DIP).i: fraction of DIN(DIP) retained in reservoir I (0-1)
Areaj: the drainage area of sub-basin j (km2)
Qnat.j: natural water discharge before water consumption in
sub-basin j (km3∙year-1)
Ki: loss rate coefficient in month i
ti: water residence time in the grid cells in month i (days)
LTCS: retention fraction of triclosan due to sorption,
sedimentation and biodegradation processes (0-1)
DTCS: fraction of triclosan due to trapping and sedimentation
by dams (0–1)
FQrem: fraction of triclosan removed via water consumption
(0–1)
LMP: retention faction of microplastics due to sedimentation
and degradation (0–1)
FQrem: fraction of microplastics removed via water
consumption (0–1)

1

2
3

4

a: 1. Strokal et al. (2016); 2. Vermeulen et al. (2019); Hofstra et al. (2013); 3. van Wijnen et al. (2017); 4. van Wijnen et al. (2019)
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3.4 Multi-pollutant model
Based on the review of the four models in section 3.3, the similarities and differences
between the modelling approaches are analysed. In this section, I integrate the modelling
approaches into a multi-pollutant model by making the equations consistent in three main
aspects.
First, the multi-pollutant model is consistent in space. The sub-basin modelling approach of
the MARINA 1.0 model is the basis the new multi-pollutant model. Therefore, the modelling
approaches of four models are required to be modified and extended to be consistent with
sub-basin modelling approach. This implies the main equation of the new multi-pollutant
model to quantify river export of pollutants to seas by source from sub-basins could be
integrated according to Strokal et al. (2016) as:
MF.y.j = (RSdifF.y.j + RSpntF.y.j)∙FEriv.F.outlet.j∙FEriv.F.mouth.j

(Eq. 1)

Where,
MF.y.j: export of pollutant form F to the river mouth by source y from sub-basin j (kg∙year−1)
RSpntF.y.j: inputs of pollutant form F to surface waters from point source y in sub-basin j
(kg∙year−1)
RSdifF.y.j: inputs of pollutant form F to surface waters from diffuse source y in sub-basin j
(kg∙year−1)
FEriv.F.outlet.j: fraction of pollutant form F exported to the outlet of sub-basin j (0-1)
FEriv.F.mouth.j: fraction of pollutant form F exported from the outlet of sub-basins j to the river
mouth (0-1)
Second, the modelled sources of pollutants in rivers are consistent in their input dataset. The
modelled pollutants have common sources. For example, nutrients and Cryptosporidium in
rivers are from agricultural activities. Production of these pollutants on the land is based on
the number of human and animal population and the rates of consumption or excretion per
pollutant. Therefore, the consistency of input datasets is needed. Inputs datasets are, for
example, GDP, population, animal numbers, fertilizer use, population connected to sewage
systems, hydrology, land use (see Tables 3.1-3.4).
Third, equations are integrated from the four models for sub-basins and annual resolution.
Tables 3.5-3.7 show the equations to quantify RSdifF.y.j, RSpntF.y.j, FEriv.F.outlet.j, and FEriv.F.mouth.j
for multiple pollutants. Regarding RSdifF.y.j and RSpntF.y.j the production of pollutants from
point or diffuse sources is based on the population(animal) density and rates of excretion or
consumption (Table 3.5 and table 3.6). As to the transportation of pollutants from sources to
rivers, the pollutants from point source are quantified by empirical fractions or constants
from literature (Table 3.5). The transmitted pollutants from diffuse sources are quantified by
the export coefficient approach based on the runoff (Table 3.6). For the FEriv.F.outlet.j, the
calculation includes the water consumption (e.g. irrigation) and the loss or retention of
pollutants in rivers and reservoirs (Table 3.7). For FEriv.F.mouth.j, the quantification depends on
the drainage area fractions in sub-basins and FEriv.F.outlet.j in upper, middle and down streams
(Table 3.7).
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Table 3.5 Equations to quantify inputs of pollutants to surface waters from point sources (RSpnt F.y.j). MARINA 1.0 is short for Model to Assess
River Inputs of Nutrients to seAs (Strokal et al., 2016). GloWPa - Crypto C1 is short for Global Waterborne Pathogen model for Cryptosporidium
concentration (Vermeulen et al., 2019). Global TCS model is for triclosan (van Wijnen et al., 2017). GREMiS model is short for Global Riverine
Export of Microplastics into Seas (van Wijnen et al., 2019). Variables are explained in Table 3.8.
Models RSpntF.y.j
Other variables
MARINA
1.0

RSpntF.y.j = RSpntE.y.j∙FEpntF.y
• RSpntF.hum.uncon.j
o RSpntN.hum.uncon.j = RSpntN.hum.uncon.urb.j + RSpntN.hum.uncon.rur.j
RSpntN.hum.uncon.urb.j = Pophum.uncon.urb.j∙WShwcap.N∙(1 - frNNH3.hum)∙(1 - frNagr.hum.uncon.urb)
RSpntN.hum.uncon.rur.j = Pophum.uncon.rur.j∙WShwcap.N∙frNsw.hum.uncon.rur
o RSpntP.hum.uncon.j = RSpntP.hum.uncon.urb.j + RSpntP.hum.uncon.rur.j
RSpntP.hum.uncon.urb.j = Pophum.uncon.urb.j∙WShwcap.P∙(1- frPagr.hum.uncon.urb)
RSpntP.hum.uncon.rur.j = Pophum.uncon.rur.j∙WShwcap.P∙frPsw.hum.uncon.rur
• RSpntF.ma.j
o RSpntN.ma.j = Nexcma.j∙frNsw.ma.j
o RSpntP.ma.j = Pexcma.j∙frPsw.ma.j
• RSpntF.hum.con.urb.j
o RSpntN.hum.con.urb.j = (1- hwfrem.N.j)∙Pophum.con.urb.j
∙WShwcap.N
o RSpntP.hum.con.urb.j = (1- hwfrem.P.j)∙Pophum.con.rur.j
∙WShwcap.P

GloWPa
Crypto
C1

RSpntoocyst.hum.con.j = (1–hwfrem.oocyst.j)∙Pophum.con.j∙WShwcap.oocyst

Global
TCS

RSpntcon.TCS.y.j = (1 - hwfrem.TCS.j)∙Pophum.con.j∙WShwcap.TCS

GREMiS

• RSpntcon.MP.fiber.j = (1 - hwfrem.fiber.j)∙Pophum.con.j∙WShwcap.fiber
• RSpntcon.MP.PCPs.j = (1 - hwfrem.PCPs.j)∙Pophum.con.j∙WShwcap.PCPs
• RSpntcon.MP.tyre.j = (1 - hwfrem.tyre.j)∙Acar.j∙WShwcar.tyre∙frsw.con.j

WShwcap.N.j = INhum.j∙0.365
WShwcap.P.j = WShwcap.N.j ∙ 1/6
INhum.j = 4 + 14∙[

GDPppp.j 0.3
]
33.000

Nexcma.j = ENma.j∙Popani.j
Pexcma.j = EPma.j∙Popani.j
hwfrem.N.j = fp.j∙REp.N + fs.j∙REs.N + ft.j∙REt.N + fno.j∙REno.N
hwfrem.P.j = fp.j∙REp.P + fs.j∙REs.P + ft.j∙REt.P + fno.j∙REno.P
WShwcap.oocyst.developing = RIdeveloping∙WShwcap.oocyst [HDI > 0.785]
hwfrem.oocyst.j = fp.j∙REp.oocyst + fs.j∙REs.oocyst + ft.j∙REt.oocyst +
fno.j∙REno.oocyst
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Table 3.6 The formulas to quantify inputs of pollutants to surface waters from diffuse sources (RSdif F.y.j). MARINA 1.0 is short for Model to
Assess River Inputs of Nutrients to seAs (Strokal et al., 2016). GloWPa - Crypto C1 is short for Global Waterborne Pathogen model for
Cryptosporidium concentration (Vermeulen et al., 2019). Global TCS model is for triclosan (van Wijnen et al., 2017). GREMiS model is short for
Global Riverine Export of Microplastics into Seas (van Wijnen et al., 2019). Variables are explained in Table 3.8.
Models
RSdifF.y.j
Other variables

MARINA
1.0

RSdifF.y.j = WSdifE.y.j∙GF.j∙FEws.F.j
GF.j = 1 - WSdifE.ex.j/WSdifE.gross.j
FEws.F.j = fF(Rnatj)∙eF
• WSdifE.y.j
o
WSdifE.ma.j
WSdifN.ma.j = Nexcma.j∙[1-(frNNH3.ma.j + frNsw.ma.j)]
WSdifP.ma.j = Pexcma.j∙(1- frNsw.ma.j)
o
WSdifE.hum.uncon.j:
WSdifE.hum.uncon.j = WSdifE.hum.uncon.urb.j + WSdifE.hum.uncon.rur.j
WSdifN.hum.uncon.rur.j = Pophum.uncon.rur.j∙WShwcap.N.j∙[1
(frNNH3.hum +
frNsw.hum.uncon.rur)]
WSdifP.hum.uncon.rur.j = Pophum.uncon.rur.j∙WShwcap.P.j∙(1- frPsw.hum.uncon.rur)
WSdifN.hum.uncon.urb.j = Pophum.uncon.urb.j∙WShwcap.N.j∙(1 - frNNH3.hum)∙frNagr.hum.uncon.rur
WSdifP.hum.uncon.urb.j = Pophum.uncon.urb.j∙WShwcap.P.j∙frPagr.hum.uncon.rur
o
WSdifN.dep.j: WSdifN.dep.nat.j, WSdifN.dep.ant.j
o
WSdifN.fix.j: WSdifN.fix.nat.j,WSdifN.fix.ant.j
o
WSdifp.wea.j:
WSdifp.wea.nat.j＝ECPwea.nat.j∙Agfr.na.j
WSdifP.wea.ant.j＝ECPwea.ant.j∙(1 - Agfr.na.j)
o
WSdifE.fe.j: WSdifN.fe.j,WSdifP.fe.j
• WSdifE.gross.j:
o
DIN:
WSdifE.gross.j = WSdifN.ma.j + WSdifN.fe.j + WSdifN.hum.uncon.j + WSdifN.dep.j + WSdifN.fix.j
o
DON:
WSdifE.gross.j = WSdifN.ma.j + WSdifN.fe.j + WSdifN.hum.uncon.j
o
DIP, DOP
WSdifE.gross.j = WSdifP.fe.j + WSdifP.ma.j + WSdifP.hum.uncon.j

GF.j = 1 for WSdifN.dep.nat.j, WSdifN.fix.nat.j and WSdifp.wea.j
WSdifE.ex.j = 0 for WSdifN.dep.nat.j, WSdifN.fix.nat.j and WSdifp.wea.j
eF = 1 for WSdifp.wea.j

Nexcma.j = ENma.j∙Popani.j
Pexcma.j = EPma.j∙Popani.j

WShwcap.N = INhum.j∙0.365
WShwcap.P = INhum.j∙1/6
INhum.j = 4 + 14∙[

GDPppp.j 0.3
]
33.000
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• fF(Rnatj):
Rnatj = Qnat.j/Areaj
o
DIN:
fDIN(Rnatj)＝RnatjaDIN
o
DON:
fDON(Rnatj)＝RnatjaDON
o
DOP:
fDOP(Rnatj)＝RnatjaDOP
o
DIP:
fDIP(Rnatj)＝[1 + (Rnatj/aDIP)-bDIP]-1
RSdifF.y.j = WSdifE.y.j∙FEws.F.j
FEws.F.j: export fractions depending on runoff
GloWPa
Crypto
C1

Global
TCS

GREMiS

• WSdifoosyt.man.j:
WSdifoosyt.man.j = WSdifoosyt.ma.grazing.j + WSdifoosyt.ma.storage.j
o
WSdifoosyt.ma.grazing.j:
WSdifoosyt.ma.grazing.j = ∑ni=1[Oecxma.i.j∙(frint.grazing.i.j + frext.grazing.i.j)]
o
WSdifoosyt.ma.storage.j:
WSdifoosyt.ma.storage.j = ∑ni=1[Ocxma.i.j∙(frint.storage.i.j + frext.storage.i.j)∙FSi.j∙S̅]

Oexcma.i.j = Popani.i.j∙fri.young.j∙Mi.young∙Pi.young.j∙Ri.young.j
+ Popani.i.j∙(1-fri.young.j)∙Mi.adult∙Pi.adult.j∙Ri.adult.j
t
t
S̅i.j = ∫0 S = ∫0 e−k∙t

N/A
RSdifF.y.j = frmacro.release∙(WSdifMP.macro.f.j∙tR.f.j + WSdifMP.macro.s.j∙tR.s.j)
RSdifF.y.j = WSdifE.y.j∙FEws.F.j
• WSdifMP.macro.j = Awaste.j∙frmacro∙Pophum.j∙frmacro.env
o
WSdifMP.macro.f.j = WSdifMP.macro.j∙frf.j
o
WSdifMP.macro.s.j = WSdifMP.macro.j∙frs.j
• WSdifMP.y.j:
o
WSdifMP.fibers.j = Afiber.j∙frfibers∙Pophum.j∙frfiber.env
o
WSdifMP.PCPs.j = APCPs.j∙frPCPs∙Pophum.j∙frPCPs.env

F: macroplastics
F: fibres, PCPs
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Table 3.7 The formulas to quantify inputs of pollutants export at outlets in sub-basins (FEriv.F.outlet.j)and the pollutant export from outlets to river
mouths (FEriv.F.mouth.j). MARINA 1.0 is short for Model to Assess River Inputs of Nutrients to seAs (Strokal et al., 2016). GloWPa - Crypto C1 is
short for Global Waterborne Pathogen model for Cryptosporidium concentration (Vermeulen et al., 2019). Global TCS model is for triclosan (van
Wijnen et al., 2017). GREMiS model is short for Global Riverine Export of Microplastics into Seas (van Wijnen et al., 2019). Variables are
explained in Table 3.8.
Models
FEriv.F.outlet.j
FEriv.F.mouth.j
MARINA 1.0

GloWPa Crypto C1

FEriv.F.outlet.j = (1-DF.j)(1-LF.j)(1-FQrem.j)
• DDIN.j: [0, 0.965]
DDIN.j = 1/Qact.j∙ ∑ (Qact.i∙DDIN.i)
DDIN.i = 0.8845∙(hi/tR.i)-0.3677
tR.i = Vi/Qact.i
• DDIP.j: [0, 0.85]
DDIP.j = 1/Qact.j∙∑ (Qact.i∙DDIP.i)
DDIP.i = 0.85∙[1 - exp(-0.0807∙365∙tR.i)]
tR.i = Vi/Qact.i
• LDIN.j: [0, 0.65]
LDIN.j = 0.0605∙Ln(Areaj) - 0.0443
• FQrem = 1 - Qact.j/Qnat.j
FEriv.F.outlet.j = (1-LF.j)
•Loocyst.j = e-(KT.i + KR.i + Ks.i)∙tR.i
KT.i = K4e (Tw.i-4)
KI
KR.i = K Cl A.i Z ∙(1-e−Kd CDOC Zi )
Ks.i =

Global TCS

𝑣

Based on the drainage area fractions in
sub-basins and FEriv.F.outlet.j in upper, middle and
down streams

𝑑 DOC i

Zi

tR.i = lenriv.j/Ui
Zi = 0.34∙Qact.i0.341
Ui = Qact.i/(Wi∙Zi)
Wi =1.22∙ Qact.i 0.557
FEriv.F.outlet.j = (1-DF.j)(1-LF.j)(1-FQrem.j)
• LTCS.j ＝ e−k∙tR.j
tR.j = 60∙(0.4 + 0.6∙5000/Areaj)∙Areaj/Areaavg
• DTCS.j = 0.15∙DTSS
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GREMiS

• FQrem = 1 - Qact.j/Qnat.j
FEriv.F.outlet.j = (1-LF.j)(1-FQrem.j)
• LMP.j: calibrated constant
• FQrem = 1 - Qact.j/Qnat.j

33

Table 3.8 Description and units of model variables in Tables 3.5 - 3.7.
Variables
Description

Units

F

pollutant form (DIN, DON, DIP, DON, triclosan, Cryptosporidium, microplastics)

y

source of pollutants

j

sub-basin

E

Element (N, P, oocysts)

RSpntF.y.j

inputs of pollutant form F to surface waters in sub-basin j from point source y

kg∙year−1

RSdifF.y.j

inputs of pollutant form F to surface waters in sub-basin j from diffuse source y

kg∙year−1

RSpntcon.F.y.j

inputs of pollutant form F in sewage effluents to surface waters in sub-basin j from point source y

kg∙year−1

RSpntuncon.F.y.j

direct discharge of pollutant form F to surface waters in sub-basin j from point source y

kg∙year−1

RSpntN.hum.uncon.urb.j

direct discharges of N or P in human excretion to surface waters from rural or urban population without connections

kg∙year−1

RSpntN.hum.uncon.rur.j

to sewage systems in sub-basin j

RSpntP.hum.uncon.urb.j
RSpntP.hum.uncon.rur.j
RSpntP.hum.uncon.j

direct discharges of N or P in human excretion (not connected to sewage systems) to surface waters in sub-basin j

kg∙year−1

RSpntF.ma.j

direct discharges of pollutant form F in animal excretion to surface waters in sub-basin j

kg∙year−1

RSpntN.ma.j

direct discharges of N or P in animal excretion to surface waters in sub-basin j

kg∙year−1

RSpntF.hum.con.urb.j

pollutant form F in sewage effluents that enter surface waters from sewage systems in sub- basin j

kg∙year−1

RSpntN.hum.con.urb.j

N or P in sewage effluents that enter surface waters from sewage systems in sub- basin j

kg∙year−1

RSpntN.hum.uncon.j

RSpntP.ma.j

RSpntP.hum.con.urb.j
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hwfrem.F.j

removal fractions of pollutant form F during treatment in sewage systems in sub-basin j

0-1

fp.j

the distribution of primary treatment in sub-basin j

0-1

fs.j

the distribution of secondary treatment in sub-basin j

0-1

ft.j

the distribution of tertiary treatment in sub-basin j

0-1

fno.j

the distribution of no treatment in sub-basin j

0-1

REp.N

the removal efficiencies of N or P by primary treatment

0-1

the removal efficiencies of N or P by secondary treatment

0-1

the removal efficiencies of N or P by tertiary treatment

0-1

the removal efficiencies of N or P without treatment

0-1

Urban or rural population with or without a sewage connection in sub-basin j

people

excretion or consumption rates of pollutant form F from source y in sub-basin j

kg∙person-1∙year-1 or

REp.P
REs.N
REs.P
REt.N
REt.P
REno.N
REno.P
Pophum.uncon.urb.j
Pophum.uncon.rur.j
Pophum.con.urb.j
Pophum.con.rur.j
WShwcap.F

oocysts∙person-1
∙year-1
RIdeveloping

fraction of infection in developing countries

0-1

frNNH3.hum

the fraction of N emission from human excretion to the air

0-1

frNagr.hum.uncon.urb

fractions of N and P in human excretion from urban population without a sewage connection that are recycled in

0-1
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frPagr.hum.uncon.urb

agriculture, after correcting for N losses to the air

frNsw.hum.uncon.rur

fractions of N and P in human excretion from rural population that are directly discharged to surface waters via

frPsw.hum.uncon.rur

sewage systems without treatment in sub-basin j

Nexcma.j
Pexcma.j
ENma.j
EPma.j
Popani.j

N or P in animal excretion in sub-basin j

kg∙year−1

N or P in animal manure excretion in sub-basin j

kg∙head-1∙year-1

animal amounts in sub-basin j

head

INhum.j

protein N intake for sub-basin j

person-1∙day-1

WSdifF.y.j

inputs of pollutant form F to agricultural and non-agricultural land in sub-basin j from source y

kg∙year−1

GF.j

the fraction of nutrient form F applied to agricultural land remaining in soils of sub-basin j after animal grazing and

0-1

0-1

crop harvesting
WSdifE.ex.j

export of nutrient element E from agricultural areas by animal grazing and crop harvesting

0-1

WSdifE.gross.j

total inputs of nutrient element E to agricultural soils from diffuse sources

kg∙year−1

WSdifhum.F.y.j

inputs of pollutant form F from human excretion or human consumption to agricultural and non-agricultural land in

kg∙year−1

sub-basin j from source y
WSdifE.ma.j

inputs of element E in animal manure to agricultural land in sub-basin j

kg∙year−1

WSdifE.hum.uncon.j

inputs of element E in human excretion to agricultural land (not connected to sewage systems) in sub-basin j

kg∙year−1

WSdifE.hum.uncon.urb.j

inputs of element E in human excretion that are recycled in agriculture from rural and urban population (not

kg∙year−1

WSdifE.hum.uncon.rur.j

connected to sewage systems) in sub-basin j

WSdifN.hum.uncon.rur.j

N or P in human excretion that are recycled in agriculture from rural and urban population (not connected to sewage

kg∙year−1

36

WSdifP.hum.uncon.rur.j

systems) in sub-basin j

WSdifN.hum.uncon.urb.j
WSdifP.hum.uncon.urb.j
WSdifN.ma.j

inputs of N or P in animal manure to agricultural land in sub-basin j

kg∙year−1

WSdifN.dep.j

atmospheric N deposition in sub-basin j

kg∙year−1

WSdifN.fix.j

biological N2- fixation by agricultural crops (e.g. legumes) in sub-basin j

kg∙year−1

WSdifp.wea.j:

P weathering on non-agricultural land or natural land in sub-basin j

kg∙year−1

WSdifoosyt.ma.j

inputs of oocysts in animal manure to agricultural land in sub-basin j

oocysts∙year−1

WSdifoosyt.ma.grazing.j

inputs of oocysts in animal manure to agricultural land during grazing in sub-basin j

oocysts∙year−1

WSdifoosyt.ma.storage.j

inputs of oocysts in animal manure to agricultural land after storage in sub-basin j

oocysts∙year−1

Oexcma.i.j

the oocyst excretion in sub-basin j for animal species i

oocysts∙year−1

fri.young.j

the fraction of animals of species i that is young in sub-basin j

0-1

Mi.young
Mi.adult
Pi.young.j
Pi.adult.j
Ri.young.j
Ri.adult.j
FSi.j

manure production per head for young and adults of species i

g∙year−1

prevalence of cryptosporidiosis for young and adults of species i

0-1

excretion rates of oocysts for an infected young or adult animal of species i

oocysts∙g−1

fractions of stored manure of species i kept in storage systems in sub-basin j

0-1

S̅

fractions of oocysts that survives during storage over averaged time

0-1

frmacro.release

release rate of microplastics from macroplastics

year−1

WSdifP.ma.j

WSdifp.wea.nat.j
WSdifP.wea.ant.j
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WSdifMP.macro.f.j
WSdifMP.macro.s.j
tR.f.j
tR.s.j
ECPwea.nat.j

input of macroplastics into the fast or slow fraction

g∙km−2∙year−1

residence time of macroplastics in the fast or slow fraction

year−1

the coefficient for P weathering and leaching on natural land in sub-basin j

kg∙km−1

Agfr.na.j

fractions of agricultural areas in sub-basin j.

0-1

FEws.F.j

the export fraction of nutrient form F entering surface waters of sub-basin j

0-1

fF(Rnatj)

a function of annual runoff from land to streams in sub-basin j

-

eF

export constants of pollutants from watershed

-

frint.grazing.i.j

fractions of animals of species i dropping manure on land during grazing that are kept in respectively intensive and

0-1

frext.grazing.i.j

extensive systems in sub-basin j

frint.storage.i.j

fractions of animal species i kept in respectively intensive and extensive systems and their manure are stored in

frext.storage.i.j

sub-basin j

FEws.F.j

the export fraction of pollutant form F entering surface waters of sub-basin j.

0-1

WSdifMP.macro.j

microplastics input from diffuse sources (macroplastics, fibers and PCPs) in sub-basin j

g∙km−2∙year−1

fractions of microplastics from macroplastics, fibers and PCPs entering into environment

0-1

amount of waste, fibers and PCPs production in sub-basin j

kg∙person-1∙year-1

fractions of microplastics fragmented from macroplastics, fibers and PCPs

0-1

0-1

WSdifMP.fibers.j
WSdifMP.PCPs.j
frmacro.env
frfiber.env
frPCPs.env
Awaste.j
Afiber.j
APCPs.j
frmacro
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frfibers
frPCPs
frf.j

fractions of macroplastics entering in fast or slow fraction

0-1

FEriv.F.outlet.j

the export fraction of pollutant form F at the outlet of sub-basin j

0-1

FEriv.F.mouth.j

the export fraction of pollutant form F from sub-basin j to river mouths

0-1

DF.j

the fraction of pollutant form F trapped by reservoirs in sub-basin j

0-1

LF.j

the fraction of pollutant form F retained in or/and lost from water systems in sub-basin j

0-1

FQrem.j

The fraction of pollutant form F removed due to water consumption in sub-basin j

0-1

Qact.i

actual water discharge for reservoir i

km3∙year-1

Qact.j

actual water discharge at the outlet of sub-basin j after the water is removed for consumption

km3∙year-1

Qnat.j

natural water discharge at the outlet of sub-basin j before the water is removed for consumption

km3∙year-1

hi

depth of reservoir i

m

Vi

volume of reservoir i

km3∙year-1

Areaj

drainage area of sub-basin j

Km2

KT.i

temperature-dependent decay rate in month i

day-1

KR.i

solar radiation-dependent decay rate in month i

day-1

KS.i

loss rate due to sedimentation in month i

IA.i

average daily surface solar radiation in month i

kJ∙m-2∙day-1

KI

constant

m2∙kJ-1

Kd

constant

L∙mg-1∙m-1

Zi

river depths in month i

m

lenriv.j

lengths of the river stretch in sub-basin j

m

frs.j
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Ui

river flow velocities in month i

m∙s-1

Wi

River widths in month i

m

CDOC

DOC concentration

mg∙L-1

K4

decay rate coefficient at 4C in month i

day-1

v

settling velocities of free oocysts

m∙day-1

Tw.i

temperature of river water in month i

C

a constant without units
K

loss rate coefficient due to sedimentation and degradation

day-1

tR.j

residence time of different pollutants in sub-basin j

days

Areaj

the area of river basins

km2

Areaavg

the average land area of 50 largest river basins

km2

DTSS

basin-aggregated fraction of retained TSS in reservoirs

0-1
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3.5 Conclusions
The aim of Chapter 3 is to answer RQ2: How to quantify river export of multiple pollutants by
source to Chinese seas? To answer this question, existing models for individual pollutants are
reviewed. I focused on the following pollutants: N, P, MP, TCS and Cryptosporidium. Below, I
summarize three main findings.
First, the MARINA 1.0 model forms the basis to integrate modelling approaches of the
existing models for individual pollutants. This is because the sub-basin modelling approach
from the MARINA 1.0 model could quantify river export of pollutants by different sub-basins
of China, which fits the purpose of the new multi-pollutant model regarding the modelling
approach, spatial and temporal level of details.
Second, the modelling approach to quantify river export of pollutants by source at the
sub-basin scale follows the MARINA model. For example, the pollutants in rivers often result
from point and diffuse sources. Point sources are, for example, sewage discharges. Point
source inputs of pollutants are quantified as a function of animal number, population
number, number of people connected to sewage systems, removal efficiencies during
treatment. Diffuse sources are, for example, animal manure in land or fertilizer use. Diffuse
source inputs of pollutants to rivers are often quantified following a mass-balance approach
as a function of land use, manure distribution, manure management. Pollutants can be
retained and/or lost in rivers before reaching coastal waters. Pollutant retentions and losses
are quantified as a function of water consumption (e.g., TCS, MP, nutrients), river damming
(e.g., TCS, nutrients), decay (e.g., Cryptosporidium) and other biogeochemical processes (e.g.,
denitrification for N and sedimentation for N and P). The similarities in the modelling
approaches opens an opportunity to integrate them for different pollutants.
Third, integrating the existing modelling approaches into a multi-pollutant model for
sub-basins brings the consistency in three main aspects. First, a uniform multi-pollutant
modelling approach is created. This implies that the equations have consistent variables
between pollutants. Second, a multi-pollutant model has consistent input data set. This
facilitates a comprehensive comparison between pollutants. Third, the methods for
quantifying pollutant production, transportation and export is also consistent between
pollutants. This also bring consistency in units and, thus, in interpretations of results for
different pollutants.
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Chapter 4 Multi-pollutant assessment for
China
4.1 Introduction
In this chapter, I answer Research Question 3:
What is the current river export of multiple pollutants by source to the Chinese seas?
I focus on the assessment of pollutant inputs to the Chinese rivers, retentions of
pollutants in the rivers and river export of pollutants. Pollutants are DIN, DON, DIP,
DOP, TCS and MP. I focus on the recent past (2010-2012) and 26 sub-basins according
to the MARINA 2.0 model (Wang et al., 2020). I focus on annual assessment of
multiple pollutants in the rivers of China.
The sub-basins and their names are shown in Figure 4.1. For this, I use the following
models (Table 4.1): MARINA 2.0 (Model to Assess River Inputs of Nutrients to seAs)
(Wang et al., 2020), GREMiS (Global Riverine Export of Microplastics into Seas) (van
Wijnen et al., 2019) and Global TCS models (van Wijnen et al., 2017). I adjust the
model inputs and outputs to the sub-basin scale following the equations in Chapter 3
(see the methods in chapter 3). Inputs of DIN and DIP to the rivers, their retentions in
the rivers are from Wang et al. (2020). Inputs of TCS to the rivers are from Strokal et
al. (2019), Wang et al. (2020). Retentions of TCS in the rivers are calculated using the
approach of van Wijnen et al. (2017), but for sub-basins (explained in Chapter 3).
Inputs of MP to rivers are from Strokal et al. (2019) and Wang et al. (2020).
Retentions of MP in the rivers are calculated using the approach of van Wijnen et al.
(2019), but for sub-basins (explained in Chapter 3).
The chapter is structured as follows. The inputs of N (DIN, DON), P (DIP, DOP), MP
and TCS to the rivers are presented in the section 4.2. The retentions of these
pollutants in the rivers before they reach the sub-basin outlets are analyzed in
section 4.3. The river export of these pollutants at the river mouth is analyzed in
section 4.4. In section 4.5, the output of the multi-pollutant model is compared with
other studies. Finally, conclusions are summarized in the section 4.6.
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Fig. 4.1 The study area including 26 sub-basins and six rivers in China: Hai, Huai, Liao,
Pearl (Zhu Jiang), Yangtze (Chang Jiang) and Yellow (Huang He) rivers. For Pearl river
(Zhu Jiang), Liujiang and Yujiang are upstream sub-basins. Xijiang and Bejiang are
middlestream sub-basins. Delta and Dongjiang are downstream sub-basins. For
Yangtze river (Chang Jiang), Jingsha, Min, Wu and Jialing are upstream sub-basins.
Han, Dongting, Poyang are middlestream sub-basins. The downstream Yangtze and
delta are the downstream sub-basins. For Yellow river (Huang He), Lanzhou and
Toudaogual are the upstream sub-basins. Longmen, Wehe and Huayuankou are
middlestream sub-basins. The Delta is the downstream sub-basin. The boundaries of
the sub-basins are set according to the MARINA 2.0 model (Wang et al., 2020).
MARINA is short for a Model to Assess River Inputs of Nutrients to seAs.
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Table 4.1. Overview of the models that are used for multi-pollutant assessment of
water quality in China and made changes in those modelling approaches for
sub-basins. MARINA 2.0 is short for a Model to Assess River Inputs of Nutrients to
seAs (Wang et al., 2020). GREMiS model is short for Global Riverine Export of
Microplastics into Seas (van Wijnen et al., 2019). Global TCS model is for triclosan
(van Wijnen et al., 2017). DIN and DIP are dissolved inorganic nitrogen and
phosphorus, respectively. DON and DOP are dissolved organic nitrogen and
phosphorus, respectively. Adjustments of the modelling approaches for sub-basins
are illustrated in the equations of Chapter 3. Point and diffuse sources are specified
in the text of section 4.2.
Models Modelled Year
Data
Modelling
pollutants
approaches
Inputs to
Retention
River
rivers
in rivers export to
(considered
the
sources)
mouth
MARINA DIN, DOP, 2012
Wang et al.,
Wang et
Wang et Wang et al.,
2.0
DIP, DOP
(2020)
al., 2020
al.,
(2020)
(point and
(2020)
diffuse)
GREMiS
MP
2010 Strokal et al., Adjusting Adjusting van Wijnen
(2019)
to
to
et al., (2019)
(point)
sub-basin sub-basin
Strokal et
scale in
scale in
al., (2019)
this study this study
Gobal
TCS
2010 Strokal et al., Adjusting Adjusting van Wijnen
TCS
(2019)
to
to
et al., (2017)
(point)
sub-basin sub-basin
Strokal et
scale in
scale in
al., (2019)
this study this study

4.2 Inputs of pollutants to rivers
In this section, I present the analyse of N (DIN, DON), P (DIP, DOP), MP and TCS
inputs to rivers in different sub-basins.
The pollutant inputs to rivers come from multiple sources (Fig. 4.2 and Fig. 4.3). Point
and diffuse sources contribute N and P to the rivers, while only the point source
contributes TCS and MP to the rivers. Diffuse sources of N and P in rivers include
synthetic fertilizers, animal manure, human excreta, atmospheric N deposition,
biological N2 fixation, P weathering and leaching of organic matters (Strokal et al.,
2016). N and P from point sources are the sewage discharges containing human
excretion and detergents, and direct discharges of animal manure and human
excretion to rivers (Strokal et al., 2016). DIN and DIP take the largest share in the
inputs of the total dissolved N and P to rivers (Fig. 4.2). For example, over two-third
of the total dissolved N and P entered the rivers of all sub-basins in form DIN and DIP.
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For MP, the personal care products, synthetic compounds from household dust, care
tyre abrasion, and abraded textiles during laundry are included as point-source
inputs of MP from sewage systems (Strokal et al., 2019). Point-source inputs of TCS in
the rivers result from use of personal care products that enter sewage systems and
then are discharged to rivers by pipes if wastewater treatment is not efficient (van
Wijnen et al., 2017).
Rivers of middle- and downstream sub-basins receive generally more pollutants than
rivers of the upstream sub-basins (Fig. 4.2). For example, the rivers of the Jinsha
sub-basin (upstream in the Yangtze) received around 1308 kg∙km-2∙year -1 of N, 85 kg
km-2∙year -1 of P, 7 kg∙km-2∙year -1 of MP and 2 g∙km-2∙year -1 of TCS. This is different
for the rivers of the Huai sub-basin (downstream Yangtze) where inputs of these
pollutants are much higher: 11299 kg∙km-2∙year -1 of N, 2082 kg∙km-2∙year -1 of P, 55
kg∙km-2∙year -1 of MP and 94 g∙km-2∙year -1 of TCS. This is because the inputs of the
pollutants to the rivers gradually increase from the western inland (up- and
middlestream) to eastern coastal sub-basins (downstream) in China. The economic
development is more rapid in line with much higher population density and
urbanization rates in the middle- and downstream compared to the upstream in
China. As a result, there are more intensive agricultural activities, more human
excretion and more use of personal care products discharged directly or by sewage
systems in the rivers of middle- and downstream.
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Fig. 4.2 Inputs of nitrogen, phosphorus to rivers of the sub-basins in 2010-2012 (kg∙km-2∙year-1). Nitrogen includes dissolved inorganic nitrogen
(DIN) and dissolved organic nitrogen (DON). Phosphorus includes dissolved inorganic phosphorus (DIP) and dissolved organic phosphorus (DOP).
Data sources: Strokal et al., (2019) and Wang et al., (2020), see Table 4.1.
46

Fig. 4.3 Inputs of microplastics (kg∙km-2∙year-1) and triclosan (g∙km-2∙year-1) to rivers and the sub-basins in 2010 - 2012. Data sources: Strokal et
al., (2019), see Table 4.1.
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4.3 Retentions of pollutants in rivers
In this section, I present results for retentions of the pollutants in rivers before they reach the
sub-basin outlets. These retentions happen in reservoirs (for DIN, DIP, TCS), in rivers due to
various processes such as sedimentation (for DIN, DIP, TCS) and fragmentation (for MP) and
due to water removal (for all pollutants). Below, I discuss these retentions.

4.3.1 Retention in reservoirs
Retentions of DIN, DIP and TCS in reservoirs show differences among sub-basins (Fig. 4.4).
The sub-basins with higher retentions are generally located in the middlestream sub-basins
of the Yellow and Yangtze rivers. This is the net effects of more dams and less actual water
discharges in those sub-basins (Wang et al., 2020). For example, a number of dams in the
middlestream sub-basin in Yangtze river is 58. This is much higher than 10 dams in the Huai
sub-basin (downstream).
Retentions of DIN, DIP and TCS in reservoirs differ among pollutants (Fig. 4.4). Retentions of
TCS are generally lower compared to retentions of DIN and DIP in reservoirs. For example,
the fraction of the pollutants retained in reservoirs is calculated to range 0.14 – 0.15 for TCS,
0 – 0.97 for DIN and 0 – 0.85 for DIP among the sub-basins. DIN retentions in all sub-basins
except for the Toudaogual and Huayuankou (middlestream) in the Yellow River are lower
than DIP retentions. This might be associated with the fact that DIN can be lost by
denitrification while DIP can be strongly accumulated in reservoirs. The exception for the
Toudaogual and Huayuankou sub-basins may because of less reservoirs compared to the
other sub-basins.
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Fig. 4.4 Fractions of dissolved inorganic nitrogen (DIN), dissolved inorganic phosphorus (DIP)
and triclosan (TCS) that are retained in reservoirs of each sub-basin (0-1). Equations to
calculate DIN and DIP retentions are according to Strokal et al. (2016). Equations to calculate
the retention of TCS are based on van Wijnen et al. (2019) and Strokal et al. (2019). Names of
the sub-basins are shown in Figure 4.1. D (dams) refers to retentions in dammed reservoirs.
Sources of data: Strokal et al. (2019), Wang et al. (2020) and GRanD (Global Reservoir and
Dam database) (Lehner et al., 2011).
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4.3.2 Retention in rivers
The in-river retentions of DIN, DIP, TCS and MP show some differences among sub-basins (Fig.
4.5). For example, for all sub-basins, retentions of DIN and DIP in rivers are more than 50%.
The retention fraction of MP in rivers are 0.9 (90%) for all sub-basins. Retentions of TCS in
rivers are above 0.8 for all sub-basins. In general, retentions of these pollutants in rivers are
rather high (>50%). This might be associated with processes such as sedimentation (for DIP
and TCS), fragmentation (for MP) and denitrification losses (for DIP). These processes are
considered in the modelling approaches for these pollutants (see Chapter 3).
However, retentions of DIN, DIP, TCS and MP in rivers differ among these pollutants (Fig. 4.5).
This might be associated with processes. For example, the removal of DIN in the river
network is caused by denitrification: N from rivers is lost to the air. Sedimentation processes
are important for DIP and MP as mentioned above. Absorption, biodegradation and
sedimentation processes jointly contribute to the retention of TCS in rivers.

Fig. 4.5 Dissolved inorganic nitrogen (DIN), dissolved inorganic phosphorus (DIP), triclosan
(TCS) and microplastics (MP) retentions in rivers of each sub-basin (0-1). Equations to
calculate DIN and DIP retentions are according to Strokal et al. (2016). Equations to calculate
the retention of TCS are according to van Wijnen et al. (2017). Equations to calculate the
retention of MP are according to van Wijnen et al. (2019) and Strokal et al. (2019). Sources of
data: Strokal et al. (2019) and Wang et al. (2020).

4.3.2 Removal from rivers
Removal of DIN, DIP, TCS and MP from rivers is due to consumptive water use, generic for all
pollutants, but differs among sub-basins (Fig. 4.6). For example, the removal of pollutants in
Huai, Hai and four of the sub-basins in the Yellow River are more than 40% (0.40 in fraction).
This is different for the up- and middlestream sub-basins of the Yangtze River where the
removal is below 10% (0.10 in the fraction). Reasons for the difference in the removal
fractions are associated with water consumption and water availability. More irrigation is
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needed in the northern China (e.g., Huai, Hai and Liao rivers) because of more agricultural
land and less water (dry areas) compared to the southern China.

Fig. 4.6 Fractions of pollutant losses from rivers due to water consumption of each sub-basin
(0 - 1). The equation to calculate pollutant losses is according to Strokal et al. (2016). Sources
of data: Wang et al. (2020).

4.4 River export of pollutants
In this section, I analyse the river export of N (DIN, DON), P (DIP, DOP), MP and TCS to river
mouths. The river export of the pollutants is influenced by pollutant inputs to the rivers,
retentions in the rivers (section 4.3 and 4.4 and travel distance towards the sea (see
equations in Chapter 3).
The river export of N (DIN, DON), P (DIP, DOP), MP and TCS differs among different pollutants
(Fig. 4.7 and Fig. 4.8). For example, the Liao River exported around one thousand kg of DIN
and DON, 179 kg of DIP and DOP, 0.4 kg of MP and 4.4 g of TCS per km2 of its sub-basin
around the period of 2010-2012. This is caused by different inputs of pollutants to the river
and their retentions. The river export of DIN is generally more than river export of DON
except for some sub-basins located in the middlestream and upstream of Yellow and Yangtze
rivers. The river export of DIP generally equal or less than DOP except for Huai and the
downstream of Pearl, Yangtze and Yellow rivers. For example, the delta sub-basin
(downstream) of Yangtze river exported 259 kg∙km-2∙year -1 of DIP and 165 kg∙km-2∙year -1 of
DOP, while the Jinsha sub-basin in the upstream exported 5 kg∙km-2∙year -1 of DIP and 20 kg∙
km-2∙year -1 of DOP.
The river export of pollutants differs among the sub-basins. The middle- and downstream
generally export more pollutants to the sea than upstream. For example, the Huai River
exported 3542 kg of DIN and DON, 894 kg of DIP and DOP, around 5 kg of MP and 52 g of TCS
per km2 of its sub-basin. This is much higher than in the upstream sub-basins such as Jinsha
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(see Fig. 4.1 for the locations). This is could be partly explained by two reasons. One is that
there are higher urbanization rates and more population in the middle- and downstream
sub-basins. This especially holds for the sub-basins bordering the southeast coast. Another
reason is that the travelling distance of pollutants from sources to the river mouths in
middle- and downstream sub-basins is much shorter than upstream. Therefore, the
possibility of pollutants retained, removed and consumed during pollutant transportation is
smaller in the middle- and downstream sub-basins.
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Fig. 4.7 River export of dissolved inorganic nitrogen (DIN), dissolved organic nitrogen (DON), dissolved inorganic phosphorus (DIP), dissolved
organic phosphorus (DOP) from 26 sub-basins to river mouths (kg∙km-2∙year-1). Equations to calculate river export on sub-basin scale are
according to Strokal et al. (2019). Data sources: Strokal et al., (2019) and Wang et al., (2020).
53

Fig. 4.8 River export of microplastics (kg∙km-2∙year-1) and triclosan (g∙km-2∙year-1) from 26 sub-basins to river mouths. Equations to calculate river
export on sub-basin scale are according to Strokal et al. (2019). Data sources: Strokal et al., (2019) and Wang et al., (2020).
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4.5 Comparison with other studies and observations
In this section, the river export of DIN, DIP, MP and TCS from six rivers (Yangtze, Pearl, Yellow,
Huai, Hai and Liao) are compared with other studies and observations (Table 4.2). I compare
with other modelling studies and observations. Other modelling studies include models such
as Global NEW-2, MARINA 1.0, GREMiS model and Global TCS (Mayorga et al., 2010; Strokal
et al., 2016; van Wijnen et al., 2019; van Wijnen et al., 2017). Although the modelling
method of MP and TCS in my study is based on van Wijnen et al. (2019) and van Wijnen et al.
(2017), the modelling scale of my study is modified based on sub-basin modelling approach.
The other modelling studies cover the period of 1985 -2012 years. The observations cover
the period of 1995 - 2011 years.
The modelled river export of the pollutants is generally comparable with other modelling
studies (Table 4.2). For example, the modelled of DIN export by the Yangtze (1544 kton∙year-1)
and Yellow (47 kton∙year-1) rivers are within the range of other studies (556 – 1852
kton∙year-1 for Yangtze and 11 – 441 kton∙year-1 for Yellow rivers). For the Pearl River, the DIN
export (847 kton∙year-1) is generally higher than other studies (282 – 375 kton∙year-1) (Table
4.2). The modelled DIP export by the Yangtze (128 kton∙year-1), Yellow Yellow (10 kton∙year-1)
and Pearl rivers (40 kton∙year-1) is generally higher than in the other studies. For river export
of MP, my modelled values are in line with van Wijnen et al. (2019). Exceptions are MP
exported by the Yellow and Hai rivers. River export of MP is lower for the Yellow river and
higher for the Huai river compared to van Wijnen et al., (2019). For TCS, the estimate is
basically in accordance with other studies. For example, the modelled values in Yangtze river
is 11 ton per year, and the estimate of TCS in Yangtze river based on van Wijnen et al., (2017)
is over 2 ton year-1.
The differences between my study and the other modelling studies are largely associated
with model inputs, basin boundaries and time. For example, I focus on the year 2012. I
consider only point sources of MP and TSC in the rivers. However, van Wijnen et al., (2019)
consider diffuse and point sources of MP in the rivers, but for 2000. For example, although
the modelled values of TCS in my study are in range of the estimate of van Wijnen et al.,
(2017), the modelled values are much higher than the minimum of the estimated range.
Observations are hardly available for most pollutants at the river mouth. Most observations
are mainly available for DIN and DIP at the river mouth, but missed for MP and TCS since
they are not the regularly monitored pollutants. For example, the modelled DIN export by
Yangtze (1544 kton∙year-1) and Yellow (47 kton∙year-1) rivers is within the range of
observations (258 – 2351 kton∙year-1 for Yangtze river and 46 -178 kton∙year-1 for Yellow
river), while higher for Pearl (847 kton∙year-1) river compared with observations (229 – 667
kton∙year-1). For DIP, the modelled values are higher than observations, and this hold for
Pearl, Yellow and Yangtze rivers. For MP, the modelled export by Yangtze river is over 1000
ton∙year-1, while the observation is 9.14 ton∙year-1. The modelled TCS exported by Pearl river
(5 ton∙year-1) is higher than other observation (0.56 ton∙year-1). The differences could be
largely ascribed to the uncertainty of experimental methods, sampling locations, and time.
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Table 4.2. Comparison of the river export of dissolved inorganic nitrogen (DIN), dissolved
inorganic phosphorus (DIP), microplastics (MP) and triclosan (TCS) of this study with other
studies and observations for six rivers (Yangtze, Pearl, Yellow, Huai, Hai and Liao).
Pollutants Rivers This study Other studies
Observations
Units
a
b
c
i
DIN
Yangtze 1544 *
556 , 871 , 1611 ***, 1334 258 – 2351
kton∙year-1
– 1825 d ****
Pearl 847 *
375 a, 364 b, 189 e, 282 – 425 d 229 – 677 j
****
Yellow 47 *
46 a, 11 b, 273 – 441 d ****
46 – 178 k
a
b
f
DIP
Yangtze 128 *
33 , 39 , 22 – 25 *****
2 -27 i
kton∙year-1
a
b
e
j
Pearl 40 *
21 , 16 , 4.5
3.7 – 17.3
a
b
Yellow 10 *
3 ,2
0.2 – 0.8 k
MP#
Yangtze 1200 **
> 1000 g **
9.14 L
ton∙year-1
g
Pearl 549 **
500 – 1000 **
N/A
g
Yellow 93 **
500 – 1000 **
N/A
g
Huai
377 **
250 – 500 **
N/A
Hai
607 **
250 – 500 g **
N/A
g
Liao
98 **
100 – 250 **
N/A
##
h
TCS
Yangtze 11 **
> 2 **
N/A
ton∙year-1
h
h
Pearl 5 **
> 0.5 **
0.56 **
h
Yellow 0.9 **
0.4 – 0.8 **
N/A
h
Huai
4 **
> 0.1 **
N/A
Hai
6 **
> 0.2 h **
N/A
h
Liao
1 **
> 0.2 **
N/A
a

Strokal et al. (2016). bMayorga et al. (2010), Qu and Kroeze (2010), Qu and Kroeze (2012) and Strokal et al.
(2014). cYan et al. (2010). dTi et al. (2012). eStrokal et al. (2015). fLi et al. (2011). g Wijnen et al. (2019)
h
Wijnen et al. (2017). IMeybeck and Ragu (1995), Liu et al. (2009), Müller et al. (2008), Yu et al. (2011),
Zhang et al. (1994), Zhang (2002) and Zhang (1996). jLiu et al. (2009), Zhang (1996), Zhang (2002), Zhang et
al. (1999) and Lu et al. (2009). kMeybeck and Ragu (1995), Liu et al. (2009), Sumei et al. (2018), Zhang et al.
(1994), Zhang (2002) and Zhang (1996). LLebreton et al. (2017).
*The range is for 2012, **2010, ***2003, ****The range is for 1985 – 2007 *****The range is for 1992 –
2003. van Wijnen et al., (2019) provide modelled river export of MP from diffuse and point sources for
2000. My study considers only point sources from Strokal et al., (2019), but for 2012.
#
Ranges for the other studies are taken directly from the map of van Wijnen et al., (2019) for my study
area. ##Ranges for the other studies are taken directly from the map of van Wijnen et al., (2017) for my
study area, but converted from mg/km2/year to ton/year using the river basin areas. van Wijnen et al.,
(2017) provide modelled river export of TCS for 2000. My study is for 2012.
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4.6 Conclusions
The main aim of this chapter is to answer Research Question 3: How to quantify the
river export of multiple pollutants by source to Chinese seas? A multi-pollutant
assessment is provided for the period of around 2010-2012 using sub-basin
modelling approach. I modified the following individual pollutant models for
sub-basins: GREMiS model for MP (van Wijnen et al., 2019), and Global TCS model
for TCS (van Wijnen et al., 2017). In my multi-pollutant assessment, I focus on N, P,
MP and TCS export by the six large Chinese rivers from 26 sub-basins. The six large
rivers are: Hai, Huai, Liao, Pearl (Zhu Jiang), Yangtze (Chang Jiang) and Yellow (Huang
He) rivers. In my chapter, I focus on sources of pollutants in the rivers, their
retentions in the rivers and export towards the river mouth. Below, I summarize the
findings.
Diffuse and point sources contribute multiple pollutants to the Chinese rivers. Diffuse
sources contribute N, P and MP to the rivers. Diffuse sources are, for example, runoff
from fertilized fields with animal manure and synthetic fertilizers, and fragmented
microplastics in rivers. However, point sources such as sewage systems add all
studied pollutants to the rivers. Besides, the forms of DIN and DIP contribute the
majority of N and P inputs into river systems.
Retentions of pollutants in rivers, reservoirs and due to consumption show
differences among sub-basins, but depends on pollutant. For example, retentions of
the pollutants due to in-river processes (e.g., sedimentation) show slight differences
among sub-basins. Retentions due to river damming differ among DIN, DIP and TCS.
The fractions of the pollutants retained in reservoirs for TCS (0.14 – 0.15) are lower
than DIN (0 – 0.97) and DIP (0 – 0.85). Removal of DIN, DIP, TCS and MP from rivers
due to consumptive water use is generic for all pollutants but differs among
sub-basins. The removal fractions in the north (generally more than 0.4) are generally
higher than in the southern China.
River export of pollutants differ among the sub-basins. The middle- and downstream
sub-basins generally export more pollutants to river mouths than downstream
sub-basins. This holds for all studied pollutants. For example, middlestream
sub-basins are responsible for 28 – 42% of the total river export of N and P to the
seas in China. These percentages are 39 - 59% for the downstream sub-basins. This is
the net effect of pollutant inputs to the rivers, retentions in rivers and travel
distances towards the river mouth. The rivers of the downstream sub-basins
generally export more pollutants because they directly discharge into the sea. And
more intensified human activities in middle- and downstream sub-basins cause
higher river export of pollutants.
Modelled river export of pollutants is generally comparable with or close to the other
modelling studies. For some pollutants, higher or lower values are in this study
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compared to the other studies. However, a number of observations for most
pollutants at the river mouth of the six rivers is very limited. It makes difficult to
validate the model. Differences between the results of my study and other studies
are largely associated with the differences in model inputs (and sources considered),
the year and boundaries of the basins.
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Chapter 5 Discussion,
recommendations

conclusions

and

5.1 Introduction
The research objective of this thesis is to analyze current river export of multiple
pollutants to the Chinese seas. Chapter 1 justifies this research objective. Chapter 2
identifies river pollution problems existing in China (RQ1). Chapter 3 explores how to
integrate existing individual pollutant models to quantify river export of multiple
pollutants by source to Chinese seas (RQ2). Chapter 4 quantifies current river export
of multiple pollutants based on the modelling approach explored in Chapter 3 and
presents an analysis of water quality affected by multiple pollutants (RQ4).
Chapter 5 shows to what extent this objective is achieved in this thesis and what
could be improved in future research. Therefore, Section 5.2 discusses the strengths
and limitations of this thesis and discusses the uncertainties of the multi-pollutant
modelling. Section 5.3 summarizes major findings and conclusions. Section 5.4
provides recommendations on how to develop an integrated model for multiple
pollutants in future research. Finally, section 5.5 looks into the implications of this
thesis for science and society.

5.2 Discussion
5.2.1 Strengths
The main strength of the thesis is the attempt to integrate exiting individual pollutant
models into a multi-pollutant model in a consistent way. This is helpful to better
assess water quality and trends in the river export of multiple pollutants to Chinese
seas and to explore solutions for simultaneous pollutant reductions.
First, an overview of water pollution problems caused by N, P, Cryptosporidium, MP
and TCS is given in Chapter 2. This overview including pollution impacts, pollution
distribution, pollution levels and comparison with other countries. This contributes
to a better understanding of current pollution problems in China. Besides, the spatial
pattern in pollution levels of N, P, Cryptosporidium, MP and TCS are also analyzed.
This is helpful to identify knowledge gaps for further research.
Second, a review of existing modelling approaches for individual pollutants is
conducted. This facilitated to explore possibilities to integrate them into a
multi-pollutant model for river export of N, P, Cryptosporidium, MP and TCS in
Chapter 3. The new multi-pollutant model keeps the original modelling concept of
the existing modelling approaches for N, P, Cryptosporidium, MP and TCS, but unifies
the modelling approaches for sub-basins based on Strokal et al. (2016). In this way,
the new, sub-basin-scale model is helpful to understand pollution problems caused
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by multiple pollutants and to identify hotpots and common sources of pollutants in
water systems. Meanwhile, unlike the global or continental scale of the existing
individual pollutant models, the new multi-pollutant model takes the differences in
human activities among sub-basins into account, which is useful for more effective
pollution management in different sub-basins.
Third, the river export of N, P, MP and TCS is quantified for 26 sub-basins in China.
This is done for this first time by adjusting existing models for individual pollutants
into the new multi-pollutant assessment in Chapter 4. The pollutant inputs to rivers,
retentions of the pollutants in rivers and their river exports are presented by graphs
and analysed for different sub-basins and pollutants. Inputs of pollutants to rivers
were derived from existing models for individual pollutants but adjusted to
sub-basins. Retentions of pollutants are quantified using existing modelling
approaches, but for sub-basins. Besides, the modelled river export of pollutants is
compared with other studies and available observations. This is helpful to build trust
in the multi-pollutant assessment.

5.2.2 Limitations and uncertainties
Besides strengths, there are several limitations and uncertainties in this study as
discussed below.
First, this thesis identifies spatial pattern in multi-pollutant problems in China.
However, not all sources and pollutants are considered. For example, mulch films in
agriculture for MP, and the increasing use of antibiotics in livestock farming are not
included in my multi-pollutant assessment in Chapters 2 and 4. This needs further
research to explore the availability of input data and quantification methods to
account for missing sources and pollutants. In Chapter 4, I did not quantify the river
export of Cryptosporidium by sub-basin. This is because more explorative study is
needed to develop a method to upscale a modelling approach at a grid of 0.5 degree
cell to sub-basins.
Second, in China, direct wastewater discharges into rivers exist in some cities. This is
because sewage systems cannot keep up with increasing rates of urbanization. In this
study, the direct discharge of N and P from wastewater (untreated) to rivers is taken
into account. This is not considered for MP and TCS. Thus, the actual pollution levels
of MP and TCS from sewage systems might be underestimated in Chapter 4.
Third, seasonality in flows of multiple pollutant from land to sea might be
considerable, but not accounted in my study. For example, runoff may vary among
seasons: wet and dry. This will influence export of pollutant from land to rivers. For
example, the Yellow River is very dry. In some parts of the year, the river hardly
exports pollutants to the sea due to dry climate. The runoff in the humid area of the
Pearl River is relatively low because terraced paddy fields are designed to reserve
water in order to avoid erosion and only drained when harvesting. This influence
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export of pollutants from land to sea. All this is subject to further improvements in
multi-pollutant modelling for China.
Fourth, the multi-pollutant model does not consider the interactions between groups
of different pollutants. Pollutants in rivers often have common sources and may
generate combined or offsetting impacts on water quality during transportation and
retention processes. For example, Cryptosporidium, N and P could be attached or
detached from the biofilm formed by MP. Therefore, the modelled river export of
pollutants might be underestimated or overestimated if the interaction between
pollutants are ignored.
Fifth, my multi-pollutant assessment is based on modelling approaches for individual
pollutants. I used inputs of the pollutant to rivers from diffuse and point sources
from the models for individual pollutants. These inputs are for the years 2010 and
2012 depending on pollutant. I adjusted them to sub-basins to make my
multi-pollutant assessment consistent in terms of the spatial level of detail. However,
many of those inputs were derived from different datasets for livestock production,
population and urbanization. Furthermore, the modelling approaches for retentions
of pollutants in rivers are model-dependent. Every approach is taken from a separate
model but adjusted to sub-basins. This inconsistency may bring uncertainties in my
multi-pollutant assessment. However, I believe that most important processes are
accounted for in retentions of pollutants in rivers even though modelling approaches
are from individual models. I also believe that inconsistency in the underlying data
(e.g., livestock production, manure management) between inputs of pollutants to
rivers may not influence largely my conclusions. My conclusions are oriented towards
the spatial variability among sub-basins. Individual models also confirm that
middlestream and downstream sub-basins are generally export more pollutants than
upstream sub-basins to the sea (e.g., Wang et al., 2020).

5.2.3 Building trust in model results
In my study, I provide a multi-pollutant assessment for Chinese rivers. Below, I
explain two options that I performed in my thesis to increase trust in model results.


Comparison with other modelling studies (Table 4.2, Chapter 4)

The modelled river export of MP, TCS, N and P is compared with other studies. The
modelled results are generally comparable with other modelling studies except for a
few sub-basins with higher or lower values. For example, in this study, the modelled
DIN export by the Yangtze (1544 kton∙year-1) and Yellow (47 kton∙year-1) rivers are
within the range of 556 – 1852 kton∙year-1 for the Yangtze river and of 11 – 441
kton∙year-1 for the Yellow river according to other modelling studies, while higher for
the Pearl River (847 kton∙year-1) compared to other studies (282 – 375 kton∙year-1).
The modelled DIP exported by the Yangtze (128 kton∙year-1), Yellow (10 kton year-1)
and Pearl rivers (40 kton∙year-1) is generally higher than in the other modelling
61

studies. For river export of MP, the modelled values are in line with other studies
except for the Yellow and Hai rivers. For TCS, the modelled river export of pollutants
is consistent with other studies for all sub-basins. These differences are largely
associated with model inputs, modelling time and spatial boundaries.


Comparison with available observations (Table 4.2, Chapter 4)

The modelled river export of pollutants is compared with available observations at
the river mouth. However, since MP and TCS are not the regularly monitored
pollutants, most available observations are available only for DIN and DIP, but still
limited in number. The modelled DIN export by Yangtze (1544 kton∙year-1) and Yellow
(47 kton∙year-1) rivers is within the range of observations (258 – 2351 kton∙year-1 for
Yangtze river and 46 -178 kton∙year-1 for Yellow river), while higher for Pearl (847
kton∙year-1) river compared with observations (229 – 667 kton∙year-1). For DIP, the
modelled values are higher than observations, and this hold for Pearl, Yellow and
Yangtze rivers. The differences could be largely ascribed to the uncertainty of
experimental methods, sampling locations, and time. For MP, the modelled export by
Yangtze river is over 1000 ton year-1, while the observation is 9.14 ton∙year-1. The
modelled TCS exported by Pearl river (5 ton∙year-1) is higher than other observation
(0.56 ton∙year-1). The differences between modelled river export of MP and TCS and
other observations might largely associated with the uncertainty caused by unit
conversion of observation data.

5.3 Conclusions
Below, I summarize five main findings of my thesis. I relate them to RQs and
Chapters.
Finding 1 (RQ1, Chapter 2): In China, water systems are experiencing multi-pollutant
problems. Literature review shows that Chinese water systems such as rivers, lakes
and reservoirs often have more than one pollutant. These multi-pollutant problems
are resulted from nutrients, pathogens, plastic, heavy metals, pesticides,
pharmaceuticals and personal care products (PPCPs). Four representative pollutants
are taken into account in this thesis: N, P for nutrients, Cryptosporidium for
pathogens, MP for plastic and TCS for PPCPs. Existing monitoring data and modelling
studies indicate the increasing pollution levels of these pollutants in various Chinese
water systems (e.g., lakes, reservoirs, rivers, seas) since 1970 to 2010. For example,
concentrations of N and P in the Yangtze River exceed largely the water quality
standard of Class III (not suitable for drinking). The pollution levels of MP, TCS and
Cryptosporidium are detected to be high in those water systems close to cities and
agricultural areas.
Finding 2 (RQ2, Chapter 3): The sub-basin scale is the basis for integrating the
existing modelling approaches of individual pollutants into a multi-pollutant model.
Existing modelling approaches of the individual pollutants have similarities and
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differences in terms of the spatial and temporal level of details. The approaches are
adjusted to the sub-basins for a multi-pollutant model to quantify annual river export
of N, P, TCS, and MP by source to Chinese seas. More research is needed to adjust
the approach to quantify river export of Cryptosporidium. The model results were
compared to the existing knowledge in Chapter 4 and discussed in Chapter 5. The
comparison gives promising results and thus confidence in a multi-pollutant
assessment for China as a first attempt.
Finding 3 (RQ3, Chapter 4): Diffuse and point sources contribute multiple pollutants
to the Chinese rivers. Studied pollutants are N, P, TCS and MP. N and P are analysed
for different forms: dissolved inorganic N (DIN) and P (DIP), and dissolved organic N
(DON) and P (DOP). Point sources are, for example, sewage systems. They contribute
all studied pollutants to the rivers. Diffuse sources are, for example, fragmented MP
in water and runoff from fertilized fields with animal manure and synthetic fertilizers.
They contribute MP, DIN, DIP, DON and DOP to the rivers.
Finding 4 (RQ3, Chapter 4): Retentions of pollutants in rivers, reservoirs and due to
consumption show differences among sub-basins, but depends on pollutant. For
example, retentions of the pollutants due to in-river processes (e.g., sedimentation)
show slight differences among sub-basins. Retentions due to river damming differ
among DIN, DIP and TCS. The fractions of the pollutants retained in reservoirs for TCS
(0.14 – 0.15) are lower than DIN (0 – 0.97) and DIP (0 – 0.85). Removal of DIN, DIP,
TCS and MP from rivers due to consumptive water use is generic for all pollutants but
differs among sub-basins. The removal fractions in the north (generally more than
0.4) are generally higher than in the southern China.
Finding 5 (RQ3, Chapter 4): River export of pollutants differ among the sub-basins.
The middle- and downstream sub-basins generally export more pollutants to river
mouths than downstream sub-basins. This holds for all studied pollutants. For
example, middlestream sub-basins are responsible for 28 – 42% of the total river
export of N and P to the seas in China. These percentages are 39 - 59% for the
downstream sub-basins. This is the net effect of pollutant inputs to the rivers,
retentions in rivers and travel distances towards the river mouth. The rivers of the
downstream sub-basins generally export more pollutants because they directly
discharge into the sea. And more intensified human activities in middle- and
downstream sub-basins cause higher river export of pollutants.

5.4 Recommendations and implications for science and policy
o Recommendations
For further research, four main directions could be highlighted according to this
study.
First, there is a need to keep model inputs consistent in data sources and scales. This
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is because increasing inputs of pollutants in rivers often result from the same human
activities on the land such as urbanization and animal numbers. Besides, multiple
pollutants are transmitted by same runoff routes. Therefore, consistent hydrological
data for runoff and river discharges are needed. A sensitivity analysis can help to
identify the sensitivity of the model outputs to changes in uncertain model inputs
and parameters.
Second, missing sources (e.g., aquaculture, mulch films) and pollutants (e.g.,
antibiotics) need to be further considered in the multi-pollutant model. Since China
is one of the biggest users of mulch films in agricultural activities and antibiotics in
livestock farming around the world, it is necessary to integrate these sources and
pollutants into the new multi-pollutant model. Third, seasonality in flows of
pollutants from land activities to sea is important to account for in studies for clean
water assessments. This is because the availability of clean water varies among
seasons because of the pollution and the demand for water by different sectors (e.g.,
agriculture needs more water during crop season).
Third, the interactions between groups of pollutants could be modelled in
multi-pollutant model. The ignorance of pollutant interactions leads to the
uncertainty in model outputs. For example, Cryptosporidium, N and P could be
attached or detached from the biofilm formed by MP. Therefore, the modelled river
export of pollutants might be underestimated or overestimated if the interaction
between pollutants are ignored.
Fourth, further evaluation of the multi-pollutant model could be made to build trust
and improve the model. There are other methods could be used for model
evaluation. For example, further evaluation could be done by a sensitivity analysis
(Strokal et al., 2019). Besides, it is also helpful to consult experts about uncertain
model parameters (Strokal et al., 2019). Additionally, the model inputs and modelled
trends could be compared with independent datasets and other studies (Strokal et
al., 2019).

o Implications for science and society
For science, this thesis contributes to the design of a multi-pollutant model for N, P,
MP, TCS and Cryptosporidium. The thesis presents a multi-pollutant assessment of
water quality in China at the sub-basin scale. I show how to integrate the modelling
approaches for individual pollutants in to a multi-pollutant model. I show this for
river export of N, P, MP and TCS. This is the first step towards a complete, integrated
multi-pollutant model that accounts for diffuse and point sources of different
pollutants in water systems.
For society, this thesis shows the spatial variability in multi-pollutant problems for
China. For example, the river export of pollutants and their retentions differ among
sub-basins. The spatial variability increases the public awareness of the water
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pollution problems and their hotspots.
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